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SOMMAIRE 
Comprendre comment les populations animales repondent aux pressions de selection 
imposees par les conditions environnmentales et anthropiques est important en gestion de 
la faune. La chasse sportive, l'alteration de l'habitat, les changements climatiques et la 
densite des populations sont des pressions selectives qui peuvent affecter l'aptitude 
pheontypique individuelle, la dynamique des populations et leur viabilite. Nos 
connaissances sur comment nos practiques de gestion et une multitude de conditions 
ecologiques affectcnt revolution des populations animales sont extremement limitees. 
J'ai analyse 25 annees de donnees sur la croissance des cornes et l'age des beliers chez 
deux populations de mouflons, situees au sud la Colombie-Britanique. J'ai regarde 
comment la reglementation de la chasse, les conditions meteorologiques et la degradation 
des habitats affectcnt la longueur des cornes des beliers recoltes. 
J'ai decouvert que la croissance specifique a l'age peut prcdire l'age auqucl les beliers 
sont chasses : les beliers connaissent une croissnce rapide des cornes sont chasses a un 
plus jeune age que ceux dont les cornes poussent lentemcnt. Les regmes de gestion, bases 
sur une taille minimale des cornes ou des bois, qui resultant en un age moyen de rccolte 
trcs en dcca du pic de reproduction des males soustraient les males reproducteurs de 
maniere disproportionnee par rapport aux males subordonncs, ce qui rcsulte 
vraisemblablement en un effet selectif. Sur les 25 ans de donnees, la longeur des cornes 
ajustee a l'age chcz les mouflons males du sud de l'Okanagan a diminuee de 10%. Ce 
declin pourait etre attribute a une chasse selective intense, de meme qu'a une severe 
deterioration de l'habitat, qui s'est acccntuee avec le temps. De plus, la croissance des 
cornes des beliers a cte ralentie dans les annees ou des temperatures elevees ont etc 
notees durant l'ete, suggerant que la temperature au cours de l'ete puissee joucr un role 
important dans la croissance des cornes. 
n 
Nous en savons pcu sur la facon dont lcs populations sauvagcs reagisscnt et changent 
face a de nouvelles pressions de selection telles les espcces introduites et les changements 
d'habitat et de climat de nature anthropique. En general, les methodes de gestion visent a 
maintenir de grandes populations en sante et a permettre la recolte de faune sauvage a un 
niveau durable. Par contre, les mesures de gestion ne rencontrent pas necessairement les 
buts vises. Les connaissances sur les systemes biologiques nous permettent de nous poser 
et de repondre a d'importantes questions sur la direction des adaptations dans les 
populations naturelles. Mcs travaux de recherche se penchent sur les possibles pressions 
de selection pouvant affecter une population sauvage sur une courte periode de temps, en 
considerant les strategies de gestion, les changements dans 1'habitat et le climat, et 
suggerent que l'activite humaine puisse avoir occasionne des changements evolutifs. 
Bien que la gestion de la faune ait contribue de facon positive a la dynamique des 
populations et a son l'habitat, il ne faut pas negliger les consequences evolutives 
potentielles de l'activite humaine et des strategies de gestion, qui peuvent cngendrer des 
changements gcnetiques rapides. Afin de dcvelopper des rccoltes durables, ces 
consequences evolutives potentielles doivent etre considerees. 
in 
SUMMARY 
Understanding how wildlife populations respond to selection pressures imposed by 
environmental and anthropogenic conditions is important in wildlife management. Sport 
harvest, habitat alteration, climate change and population density are all selective 
pressures that may affect individual fitness, population dynamics and ultimately 
population viability. Our knowledge of how management practices and the multitude of 
ecological conditions are affecting the evolution of wildlife populations is extremely 
limited. 
I analyzed a 25-year data set on horn growth and age of bighorn sheep rams in two 
populations in the southern interior of British Columbia. I examined how harvest 
regulations, weather, and habitat degradation affected horn length of harvested bighorn 
rams. 
I found that age-specific horn growth can predict the age at which rams are harvested: 
rams with rapidly growing horns are harvested at younger ages than rams with slow-
growing horns. Management regimes that result in an average harvest age much below 
the reproductive peak of males, are based on a minimum horn or antler size and remove 
mature reproductive males disproportionately to subordinate males are likely to have a 
selective effect. I found that over 25 years of records, the age-adjusted horn length of 
bighorn sheep rams in the South Okanagan declined by 10%. That decline could be 
attributed to intense selective hunting, as well as severe habitat deterioration that became 
worse over time. In addition, ram horn growth was slowed in years with hot summer 
temperatures, suggesting that weather in summer may be important in horn growth. 
We know little about how wildlife populations are reacting and changing to novel 
selection pressures, such as introduced species, human-induced habitat and climate 
change. In general, wildlife management regimes aim to maintain large, healthy 
IV 
populations and attempts to harvest wildlife at a sustainable level. Management actions, 
however do not necessarily meet the intended goals. Knowledge of biological systems 
allows us to ask and answer important questions about the directions of adaptations in 
natural populations. My research examines possible selective pressures on a wildlife 
population over a short time period, considering management strategies, habitat change 
and climate and suggests that human actions may have resulted in evolutionary change. 
While wildlife management has contributed well to population dynamics and habitat 
relationships, it cannot ignore the possible evolutionary consequences of human behavior 
and management strategies that can result in rapidly occurring genetic change. In order to 
develop sustainable harvests, potential evolutionary consequences must be considered. 
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INTRODUCTION 
Managing for the future? 
Arc we managing fish and wildlife populations for the future? Well, yes. Every 
management decision that artificially alters mortality or demographic patterns could 
affect populations in new directions. The more important question is: Are management 
decisions causing irreversible changes which may reduce the population's ability to 
adapt, recover and persist when exposed to environmental changes? We have a poor 
understanding of how wildlife populations may react to novel selection pressures, such as 
introduced species, ovcrexploitation, human-induced habitat loss and climate change 
(Palumbi, 2001). Although wildlife management aims to maintain large, healthy 
populations while maintaining landscapes and sustaining populations, management 
actions do not necessarily meet the intended goals. Inevitably, human actions will cause 
ecological and evolutionary changes in wildlife populations and will have both short and 
long-term consequences, therefore the goals of management regimes should include 
reducing or preventing these changes. Management actions should include narrowing the 
gap between 'natural' and 'managed' populations. While wildlife managers have made 
much progress learning about human effects on population and community ecology, less 
attention has been paid to possible evolutionary consequences in managed populations. 
It is the long-term evolutionary consequences of management that must be carefully 
considered (reviewed in Ashley et al., 2003). 
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Artificial Selection and Management 
Several fish and wildlife populations are managed explicitly for commercial and 
recreational harvest. Our knowledge of how management and harvest selection pressures 
are affecting the evolution of wildlife populations, however, is limited. Sport harvest 
regulations often specify which animals can and cannot be hunted based on a specific 
size, age or morphological character. Exploited populations often undergo major changes 
in biomass and population density due to the effects of artificial mortality (Ernande et al., 
2004; Law, 2001; Stokes, 1993). Despite increasing evidence of size-selective harvest in 
fisheries management (Jennings et al., 1998; Law, 2001; Olsen et al., 2004), little effort 
has been made to assess the potential selective effect of trophy hunting (Festa-Bianchet, 
2003; Gordon et al., 2004; Harris et al., 2002). Recent analyses of long-term data reveal 
that there may be genetic consequences of hunts that are based on male phenotypic traits 
(Coltman et al., 2003; Coltman et al., 2005). The scarcity of studies investigating the 
long-term consequences of trophy hunting arises from complacency; an unwillingness to 
consider that hunting may have evolutionary impacts on wildlife populations; as well as 
the controversial nature of the hypothesis. Managers have probably been unwilling to 
consider that rapid evolutionary change occurs in wildlife populations due to the 
historical view that genetic change within populations is slow. In addition, there may be 
reluctance to this type of research because of the potential public impact: anti-hunting 
articles in the press and the associated negative economic and cultural implications of 
changing hunting practices. Managers and biologists have also presented an alternative 
hypothesis, which emphasizes that in natural populations, large-horned males already 
have lower survival, reducing the potential selective impact of a morphological-based 
harvest (Heimer, 2004; Loehr et al., 2006). Due to the controversial nature of the 
hypotheses, this important inquiry should be addressed in more wild populations to 
investigate the potential evolutionary impact of trophy hunting in wildlife management 
(Harris et al., 2002). 
? 
Selective harvest can impact phenotypic expression in populations, as well as genetic and 
population sex-age structure, as documented for commercially exploited fish populations 
(Hutchings, 1996; Jennings et al., 1998; Law, 2001; Olsen et al., 2004). Fisheries often 
target the larger individuals, which can increase mortality for the oldest and the fastest-
growing individuals, while leaving younger or slow-growing fish with greater 
opportunities for reproduction (reviewed in Ratner & Lande, 2001). For example, in a 
controlled experiment, a harvested marine fish, the Atlantic silverside (Menidia menidid), 
responded negatively to an intensive size-selective harvest (Conover & Munch, 2002). As 
predicted by most harvest models (Conover & Munch, 2002), adult biomass was reduced. 
More importantly, larval growth rate and egg size decreased over four generations, 
indicating unexpected harvest-induced selection on life history traits other than those that 
were the direct target of harvest (Conover & Munch, 2002). Similarly, Olsen et al. (2004) 
found that Atlantic cod (Gadus morhuci) experienced changes in life history traits such as 
earlier age of maturation and smaller sizes due to intense fishing. Olsen et al. (2004) 
suggested that harvest-induced evolution may have contributed to the collapse of the 
northern cod fishery. Walsh et al. (2006) also suggested that long-term intense harvests 
would likely increase harvest-induced evolution in the silverside. Walsh et al. (2006) 
found that an intense size-selective harvest of the silverside resulted in several genetic 
changes in correlated life history traits as well as changes in physiology and behavior, 
reducing the population's capacity for recovery. Similarly, Swain et al. (2007) found that 
removing fishing mortality could not reverse a strong evolutionary response to intense 
harvest in cod populations, preventing recovery of cod populations even in conditions for 
optimal growth. 
In large herbivores, culling and harvest regimes may be affecting population age 
structure, social structure as well as having lasting effects on life history traits (Festa-
Bianchet, 2003; Gordon et al., 2004). Culling and harvest regimes typically target prime-
age individuals, compared to natural sources of mortality, which affect the young, as well-
as senescent individuals (reviewed in Gaillard et al., 2000)). Intense sex-age biased 
harvest regimes often skew the age structure towards younger animals, and the sex ratio 
towards females (Ginsberg & Milner-Gulland, 1994; Laurian et al., 2000). For example, 
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the age structure of hunted elk in Yellowstone National Park differed greatly from that of 
elk killed by Gray wolves (Canis lupus), supporting evidence that sex-age harvest bias in 
managed populations does not mimic natural mortality patterns (Wright et al., 2006). 
Specifically, hunters selected highly reproductive prime-aged females, whereas natural 
predators selected calves and older females with low reproductive values (Wright et al., 
2006). There is also evidence of sex-age biased harvest regimes in the impala (Aerycerus 
melampus) (Ginsberg & Milner-Gulland, 1994; but also see Mysterud et al., 2002). In a 
modelling exercise, Langvatn & Loison (1999) found that in a population of Norwegian 
red deer (Cervus elaphus), the harvest regime was heavily biased towards older males 
and reduced population growth rate. Intensive sex-biased harvest, however, did not affect 
reproduction and population productivity in moose (Alces alces) (Laurian et al., 2000). 
Finally, sex-biased harvest led to a catastrophic reproductive collapse in the Saiga 
antelope (Saiga tartica) (Milner-Gulland et al., 2003). A sex-biased harvest may also 
have implications for social structure in large mammals, as documented for the African 
elephant, where the absence of mature, highly reproductive females negatively affected 
group dynamics (McComb et al., 2001). The harvesting of large herbivores often 
provides income to communities, and may have important implications for species 
conservation and land-use in rural areas (Leader-Williams et a l , 2001; Lewis & Alpert, 
1997; Loibooki et al., 2002). Importantly, cultural and personal biases may also affect the 
outcome of harvest regimes, weaving a complex web of unnatural morality patterns. 
Developing long-term sustainable harvests that mimic natural mortality patterns are 
important in economic, cultural and evolutionary terms. 
In addition to sex-age harvest bias, management regimes can also be biased towards 
morphological attributes such as horn or antler size, which can be related to fitness. 
Concern for, and empirical data about, artificial selection of fitness-related traits, and 
subsequent genetic change in large mammal populations has only recently arisen in the 
literature (Coltman et al., 2003-; Coltman et al., 2005; Gordon et al., 2004). There has 
been evidence of increasing tusklessness in the African elephant {Loxodonta qfricana) 
under the selective hunting of the illegal ivory trade (Jachmann et al., 1995). Specifically, 
in bighorn sheep there is strong evidence to suggest that trophy hunting is selecting 
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against large-horned rams, a trait which is related to fitness (Coltman et al., 2003). Long-
term studies that investigate and explore evolutionary consequences of sport harvest are 
limited to a few studies (Festa-Bianchet, 2003; Garel et al., 2007; Gordon et al., 2004; 
Harris et al., 2002). 
Horns in relation to reproductive success and fitness 
In polygynous species, sexually dimorphic weaponry, such as horns and antlers, are 
secondary sexual characteristics (Darwin, 1871). These exaggerated traits in male 
ungulates are thought to have evolved primarily for use as weapons in male-male 
competition over mates (Darwin, 1859; Darwin, 1871). Within populations, males with 
larger ornaments have greater reproductive success, but may suffer the costs of lower 
survival (Andersson, 1994; Clutton-Brock, 1988). Alternatively, the "handicap principle" 
states that in males, secondary sexual characters are markers of quality which handicap 
the male as a test of his fitness (Zahavi, 1975). Hamilton & Zuk (1982) developed this 
principle further proposing the parasite-indicator hypothesis. The expression of high 
quality traits in males implies a resistance to parasite infection and displays the health and 
vigor of the animal. Large costly male traits signal superior genetic quality and should 
make a male attractive as a mating partner (Hamilton & Zuk, 1982). Also known as 
indicator models of sexual selection (Andersson, 1994), the handicap principle and the 
parasite-indicator hypothesis suggest that large costly male traits signal heritable 
viability. It is very difficult to evaluate these two hypotheses in bighorn sheep simply 
through observational data. Horn size in bighorn sheep rams is thought to be a signal of 
individual quality (Geist, 1966a), however, trade-offs within populations are difficult to 
test. Independent measures of individual quality are needed to understand trade-offs 
between reproductive success and survival in bighorn sheep rams (Pelletier et al., 2006). 
For example, ram survival can depend on a myriad of factors including effort during the 
rut, a measure of low or high genetic quality, and ram horn size in relation to 
reproductive effort and success. 
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Phenotypic differences in horn and antler size in ungulates can be correlated with fitness, 
by affecting reproductive success and survival (Clutton-Brock, 1988; Clutton-Brock et 
al., 1997; Cote et al., 1998; Giacometti et al., 2002; Jorgenson et a l , 1998). Several 
studies have investigated the relationship between reproductive success, body mass, horn 
length, and social rank in wild sheep (Coltman et al., 2002; Geist, 1971; Hogg & Forbes, 
1997; Pelletier & Festa-Bianchet, 2006; Pelletier et a l , 2006; Singer & Zeigenfuss, 
2002). Dominant rams achieve most of the paternities through tending, and rank high in 
the social hierarchy because of their age, large body mass and horns (Pelletier et al., 
2006). During a given rut, subordinate males at the population level may sire up to 40% 
of lambs by employing alternative mating strategies (Hogg & Forbes, 1997), such as 
coursing which involves rapid copulations with estrous ewes after forcing them away 
from the dominant, tending ram (Hogg & Forbes, 1997; Pelletier et al., 2006). Using 
these alternative tactics, individual rams as young as 2-3 years old are successful in 
obtaining up to two paternities (Coltman et al., 2002; Hogg & Forbes, 1997). Individual 
dominant males, however, are able to attain a dozen or more paternities, confirming a 
very strong selective advantage in being dominant. If very few individuals monopolize 
male mating success, genetic variability can be reduced, which is a concern for small and 
reintroduced populations. The presence of alternative mating strategies in bighorn sheep 
suggests that the level of mating monopolization by the largest, dominant rams is high 
but not extreme. If reproductive success in bighorn rams increases with social rank, horn 
size and age, then rams developing large horns in their early years could be considered as 
making an investment in their future reproductive success (Festa-Bianchet et al., 2004). 
In bighorn rams, about 80% of asymptotic horn growth takes place before 5 years of age 
(Jorgenson et al., 1998). An annulus is formed each year when horn growth stops over the 
winter; therefore ram age and annual growth can be accurately measured in rams up to 9 
years old (Geist, 1966b; Geist, 1971). There is little evidence of compensatory growth in 
horn size in males for most wild ungulates that fight by clashing horns, such as ovids and 
caprids (Festa-Bianchet et al., 2004; Toi'go et al., 1999). For other species such as 
rupicaprins, where males rarely fight through direct horn-to-horn contact and where horn 
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size may be less important for male reproductive success, compensatory horn growth has 
been reported (Cote et al., 1998; Pcrez-Barberia et al., 1996). Consequently, small 
bighorn sheep rams with reduced horn growth early in life may not be able to catch up to 
rams with an early development advantage, regardless of whether that early development 
is determined through genetic, maternal or environmental factors. 
Management Paradox: From bighorns to smallhorns? 
The potential selective effects of harvest have implications for the persistence of wildlife 
populations, as well as for the sustainability of harvest regimes, which may be selecting 
against the desired traits associated with trophy size (Gordon et al., 2004; Harris et al., 
2002). In trophy-hunted populations, rapid horn growth in bighorn sheep rams can be 
costly (Coltman et al., 2005), because it can be associated with reduced longevity due to 
the increased probability of being shot (Loehr et al., 2006). Fitzsimmon et al. (1995) 
suggested that over the long term, intense harvest of large-horned rams could reduce the 
genetic variability of a population and contribute to losses in fitness. Importantly, if the 
desired phenotype is genetically correlated with fitness-enhancing traits in females, 
intense harvest of males may result in negative demographic consequences in the 
population (Coltman et al., 2005). 
Trophy-based harvests are often biased for individuals of high quality (Loison et al., 
1999), particularly when regulations make it illegal to harvest small-horned individuals. 
A sample of hunterrkilled Dall's sheep (Ovis dalli) rams revealed that those with a 
relatively smaller horn circumference and length survived longer than rams with larger 
horns (Hoefs & Barichello, 1984). Loehr et al. (2006) also found that in a sample of 
hunter-killed Dall's rams, those with slow-growing horns survived to an older age 
compared to faster growing rams. Trophy hunting in bighorn sheep may select against 
rams with faster growing horns, that are more likely to reach the minimum horn size 
prescribed by hunting regulations and be shot at a young age (Coltman et al., 2003; Festa-
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Bianchet et al., 2004). Coltman et al. (2003) found that the breeding values (the genetic 
components of trait variance) for both ram body weight and horn size declined over time 
in a trophy-hunted population in Alberta. These authors attributed the apparent genetic 
change to selective sport harvest. They also found that rams with rapidly-growing horns 
have a mating advantage over 6 years of age, but were highly vulnerable to harvest and 
were shot at an earlier age, leaving old rams with slow-growing horns to father most 
lambs. A slow-growing ram aged 8 will typically be dominant to a younger ram with fast-
growing horns, therefore skewing the mating advantage from a natural system which 
favors large, heavy, dominant rams. Recently, Garel et al. (2007), also found that horn 
size and mass decreased over time in an introduced population of European mouflon 
(Ovis aries) subjected to sport harvest, but they were unable to disentangle the effects of 
selective hunting and a deteriorating habitat on the size decline. Horn length in bighorn 
sheep does not affect reproductive success in rams aged less than 6 years, probably 
because young rams are subordinate regardless of their horn size (Coltman et al., 2002). 
Therefore, in hunted populations where young rams with large horns are being harvested 
prior to their reproductive peak, there may be artificial selection against fast-growing 
rams (Coltman et al., 2003; Coltman et al., 2005). 
Several polygynous species targeted for hunting are subjected to a minimum 
morphological size restriction: cervids are restricted to a minimum antler size and/or 
branching pattern and bovids are restricted by a minimum horn curl or length. For 
example, in British Columbia, a minimum antler size is required for elk (3 or 6 points 
depending on the management area), white-tailed deer (Odocoileus virginianus) (4 
points), mule deer (O. hemionus) (4 points), moose (Alces alces) (calves, spike-fork: < 2 
points on one antler; triplam: a bull moose with a browpalm having > 3 points; 10 points) 
and caribou [Rangifer tarandus) (5 points) (BC Ministry of Environment, 2007). Wild 
sheep are managed based on horn curl definitions (ie.'Any ram'; 3/4, 4/5 or full curl) 
(Diagram 1). Elsewhere, there are also minimum antler or horn size restrictions for red 
deer (Hartl et al., 1995), chamois (Rupicapra nipicapra), ibex (Capra ibex), mountain 
goats, Greater Kudu (Tragelaphus strepsiceus) and pronghorn antelope (Antilocapra 
americcma) (Festa-Bianchet, 2003). Importantly, where males achieve trophy size at a 
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young age, prior to their reproductive maturity, there may a stronger selective hunting 
effect due to the removal of potential competitors during the mating season favouring the 
'undesired' phenotype (Festa-Bianchet, 2003). 
Minimum harvest size or age restrictions can be particularly problematic for gregarious 
mammals. Hunting of social species can exacerbate size-selective hunter preference of 
younger, faster growing males because hunters can directly compare males with different 
phenotypes that are in close proximity to each other. For example, wild sheep are 
sexually segregated for most of year except during the mating season or "rut" (Festa-
Bianchet, 1991; Pelletier & Festa-Bianchet, 2006). Rams form bachelor groups in order 
to ayoid predators (Ruckstuhl & Festa-Bianchet, 2001), and can be in groups of varying 
age-structure and dominance rank (Pelletier & Festa-Bianchet, 2006). The selective effect 
may become intensified when hunters can compare individuals of the same age within a 
group and select the oldest, fastest growing individual. Given a choice, hunters will prefer 
the largest animal in the group, because trophies are valued economically, as well as 
culturally, based on size (Festa-Bianchet, 2003). 
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Diagram 1: Bighorn Sheep Horn Curl Regulation Description 
(Adapted from the 2007-2008 Hunting Synopsis and Regulations, BC Ministry of 
Environment, 2007). 
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Environmental Conditions 
Natural selection should always be considered in the context of the environment, since 
resource limitation was the primary context from which Darwin derived his theory of 
evolution by natural selection (Darwin, 1859). Phenotypic traits in large mammals can 
vary according to individual condition and environmental constraints. Conditions during 
early development are especially important in northern ungulates because of the short 
growing season, when variability in spring and summer weather affects vegetation 
growth and therefore resource availability (Festa-Bianchet et al., 2000; Portier et al., 
1998; Post & Stenseth, 1999; Rose et al., 1998). For example, variability in 
environmental conditions can affect body mass and early development in ungulates 
(Festa-Bianchet et al., 2000; Forchhammer et a l , 2001; Langvatn et al., 1996). Both 
density dependence and fluctuating environmental conditions are correlated with 
variation in ungulate body weight (Mysterud et a l , 2001a; Saether, 1997). In addition, 
resource quality and availability affects mass gain and survival in wild sheep lambs 
(Garel et al., 2004; Picton, 1984; Portier et al., 1998). Consequently, resources and 
weather conditions influence phenotypic traits and individual quality in the early stages 
of life (Schmidt et al., 2001). Early growth has a direct relationship with adult phenotype, 
particularly in bighorn sheep, due to age-specific asymptotic growth (Jorgenson et al., 
1998). Variation in horn growth in the first few years of life can then determine adult 
horn size and dominance status. 
The dynamic between individual condition and environmental factors is complex. Horn 
length in bighorn sheep (Jorgenson et al., 1998), mountain goats {Oreamnos americanus) 
(Cote et al., 1998), and ibex (Capra ibex) (Giacometti et al., 2002), and antler growth in 
red-deer (Clutton-Brock et a l , 1997) are indicative of body condition: males in good 
condition generally have large antlers or horns. In sexually dimorphic mammals, males - -
can be more susceptible than females to food shortage, due to faster growth rates and 
higher nutritional requirements (Clutton-Brock et al., 1985). Rose et al. (1998) also 
suggested that in red deer, environmental conditions may have a stronger adverse effect 
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on the growth of males than of females. In bighorn sheep, population density reduced 
horn growth in males aged three years or younger through high intraspecific competition 
within female groups (Jorgenson et al., 1998). Due to the complex nature of 
environmental effects on body condition and horn growth, it is particularly important to 
monitor ecological conditions, which can vary over time. For example, size-selective 
harvest effects may be erroneously attributed to climatic effects (ie. a decrease in forage 
resources due to linear changes in weather: drier spring, hotter summers). 
In addition to size selective harvest and abiotic factors that directly influence growth and 
development, phenotypic quality can be negatively affected by human-induced habitat 
loss and alteration. Habitat fragmentation and habitat loss have a negative effect on 
biodiversity and species population viability (reviewed in Fahrig, 2003). Natural selection 
also leads to evolutionary changes following environmental changes in natural 
populations (Darwin, 1859). For example, in a long-term study of Galapagos finches 
(Geospoza fortis), there was a significant decrease in body and beak size over 30 years 
due to changes in food supply (Grant & Grant, 2002). It was suggested that natural 
selection occurred several times in finches over the study period (Grant & Grant, 2002). 
There is also evidence of evolutionary change in response to anthropogenic disturbance 
within short time frames (reviewed in Ashley et al., 2003), where phenotypic traits evolve 
rapidly (Ashley et al., 2003; Hendry & Kinnison, 1999). Recently, evolutionary biologists 
have presented models for the adaptation of phenotypic traits over short-time scales with 
strong selection pressures (Estes & Arnold, 2007; Hendry, 2007). Until recently, the fact 
that genetic change and evolutionary processes occur rapidly in wildlife and fish 
populations has been ignored. This may be in part due to the traditional educational view 
that evolutionary processes are slow and occur over millennia. It is now clear that genetic 
change can occur rapidly, and actions that cause rapid genetic change need to be taken 
into account in management regimes (Coltman et al., 2005; Swain et al., 2007). 
In large mammals, antlers, horns, body size and mass could be negatively affected by 
severe habitat loss and fragmentation. In an introduced population of mouflon (Ovis 
aries), Garel et al. (2007) suggested that horn size and body mass may have decreased 
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over time due to effect of severe habitat loss. Arguably, the impact of reduced habitat and 
resource availability on phenotypic traits would be very similar to density dependent 
effects. Specifically, in bighorn sheep, horns in young bighorn rams were smaller in times 
of low resource availability, or high population density (Festa-Bianchet et al., 2004). 
Bighorn sheep are especially vulnerable to habitat loss, which has been identified as one 
of the key factors in overall population decline in North America (Shackleton, 1997). Not 
only do bighorn sheep have less access to resources, the remaining resources are often of 
poor quality. Specifically, forage quality and quantity, foraging areas in close proximity 
to escape terrain, and foraging areas connected to protected areas and refuges with low 
human disturbance and development are now uncommon (Shackleton, 1997; Wikeem & 
Strang, 1983). In addition, habitat loss, which leads to a short-term artificial increase in 
population density, and changes in climate may increase competition for resources, and 
decrease access to available forage. Furthermore, if habitat is replaced with unusable 
alternatives, populations may suffer a decrease in overall resources (Fahrig, 2003), which 
may have long-term evolutionary and demographic consequences (Ashley et al., 2003). 
Krausman (1997) suggested that bighorn sheep be managed at a landscape or 
metapopulation scale to ensure genetically viable populations. Genetic integrity at a 
landscape scale could be maintained by refuges, protected areas and connecting corridors, 
which could help slow or ease the effect of artificial selection in harvested wildlife 
populations (Tenhumberg et al., 2003). 
In addition to habitat loss and fragmentation, local and large-scale climatic factors can 
play an important role in ecological processes (Hallett et al., 2004). Species can react to 
environmental changes through phenotypic plasticity (Via & Lande, 1985), but the 
phenotypic traits also have the potential to adapt and evolve (Thompson, 1991). For 
example, breeding time in red squirrels {Tamiascmrus hudsonicus) responded to climate 
and food supply, but the authors also found that squirrels may have adapted based on 
evidence of genetic changes among generations favouring earlier breeders (Reale et al., 
2003). Also, in a study of the barn swallow (Hirundo rustica), sexually selected tail 
length was found to increase in response to temporal changes on breeding grounds 
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(Moller & Szep, 2005). Climatic variables on a large scale, such as ocean currents and 
environmental oscillations can also be associated with variation in population growth and 
demographic rates (Gaillard et al., 1998; Gaillard et al., 2000; Hebblewhite, 2005; 
Mysterud et al., 2001b; Post & Stenseth, 1999; Saether, 1997). Recent investigations 
suggest that climate change can potentially effect species survival (Barbraud & 
Weimerskirch, 2001; Grosbois et al., 2006), and individual reproductive success 
(Forchhammer et al., 2001), but our understanding of how populations cope with climate 
change is limited. 
When evaluating species in stochastic environments, evolutionary biologists often ask: is 
the genotype expressing a different phenotype in a new environment, or is it a genetic 
change? Rates of morphological evolution in experimental and wild populations are 
complex and controversial (reviewed in Roopnarine, 2003). Important to this study are 
the possible genetic differences in phenotypic plasticity in fluctuating environments and 
the potential evolutionary change in morphological characters over time (Roopnarine, 
2003). If there is an interaction between genotype and environment, the environmental 
factor may exacerbate the evolutionary processes of selection (Lande & Shannon, 1996; 
Mather & Caligari, 1976; Ratner & Lande, 2001; Via & Lande, 1985), or slow the 
process down depending how the phenotype interacts with environmental quality 
(Charmantier & Garant, 2005). Long-term variance in the genetic component of 
individuals and their interaction with the environment may result in microevolution in the 
mean phenotype (Grant & Grant, 2002; Moller & Szep, 2005), or may even mask 
phenotypic change (Wilson et al., 2007). Marcil et al. (2006) investigated the variation in 
morphology in Atlantic cod, and found an effect of spatial scale on genetic differences 
between populations. In addition, individual nutritional state and animal vigour can 
complicate the interpretation of directional selection on heritable traits, as reported in red 
deer (Kruuk et al., 2002). In this case, an environmental factor was correlated with the 
expression of antler size as well as fitness, revealing a change in antler size, but no 
evolution in the phenotypic trait was observed over time. Management strategies that 
target purely genetic and environmental phenotypic changes would differ, therefore the 
partitioning of the phenotypic variance between genetic and environmental factors is 
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important. The investigation of how selection may be acting on fitness-enhancing traits in 
wild populations is important to understanding potential adaptive, genetic and 
demographic responses. 
Objectives 
The general objective of my research was to assess the quality of a bighorn sheep 
population in the southern interior of British Columbia, which suffered an all-age 
pneumonia die-off in 2000 (Harper et al., 2001). I was interested in a measure of habitat 
and population condition, which could help managers understand the factors limiting 
population growth and viability. To achieve my general objective, I conducted a 
retrospective analysis of a phenotypic trait in two populations of bighorn sheep in the 
southern interior of British Columbia. Variation in horn size in bighorn sheep rams may 
reflect environmental variability, population density, and harvest management regimes. 
I investigated three questions, which are important for the conservation and management 
of large mammal populations. First, I wanted to determine if there were any temporal 
trends in horn size and early horn growth over a 25-year period. The plasticity of 
phenotypic traits may reflect adaptations to specific environmental changes (Grant & 
Grant, 2002; Moller & Szep, 2005), trade-offs between reproductive success and survival 
(Stearns, 1992), but may also reflect the genetic nature of individuals (Lande & Shannon, 
1996; Via & Lande, 1985). Second, I was interested in examining the effects of different 
management regimes on the phenotypic quality of bighorn rams. I investigated whether 
or not trophy hunting may affect ram horn size between and within the two populations, 
which differed in management regime. This investigation is central to wildlife 
management practices (Festa-Bianchet, 2003; Gordon et al., 2004; Harris et al., 2002), 
which aim to implement sustainable harvests without negatively affecting desired trophy 
sizes. Finally, I assessed the possible effects of environmental conditions, such as habitat 
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quality, climatic variability and density dependence, on horn size. A negative effect of 
fluctuating environmental conditions on phenotypic traits associated with fitness may 
affect short and long term reproductive success, which may have cascading demographic 
and evolutionary implications for the population (Ashley et al., 2003; Ernande et al., 
2004). 
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CHAPTER I: INFLUENCE OF TROPHY HUNTING AND HABITAT 
DEGRADATION ON HORN GROWTH OF BIGHORN SHEEP RAMS 
Introduction to Article 
The manuscript "Influence of Trophy Hunting and Habitat Degradation on Horn Growth 
of Bighorn Sheep Rams" summarizes an investigation of the potential selective effect of 
sport harvest and habitat deterioration on ram horn growth in a population of bighorn 
sheep in the South Okanagan, British Columbia. 
The authors of the study are Dallas Plensky, Marco Festa-Bianchet and Tom Ethier. The 
primary author, Dallas Plensky conducted fieldwork, compiled and analyzed the 
compulsory inspection data, interpreted the results and wrote the manuscript towards the 
completion of a Masters of Science Degree. Marco Festa-Bianchet, was the graduate 
supervisor and head of an ecological investigation of the pneumonia die-off that led to the 
formation of the Southern Okanagan Bighorn Sheep Recovery Project. Tom Either, 
biologist with the BC Ministry of Water, Land and Air Protection provided leadership, 
logistical and financial support on behalf of the BC Ministry of Environment, and 
initiated the Recovery Project following the pneumonia die-off of bighorn in the South 
Okanagan. 
The article is the primary component of this thesis and will be submitted to a peer-
reviewed scientific journal, Journal of Wildlife Management. 
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INFLUENCE OF TROPHY HUNTING AND HABITAT DEGRADATION ON 
HORN GROWTH OF BIGHORN SHEEP RAMS 
ABSTRACT 
Phenotypic and genetic quality in wildlife populations may respond to both natural and 
artificial selection. Hunting regulations for bighorn sheep and other ungulates often 
specify a minimum horn or antler size for legal harvest. If horn size is inheritable, those 
regulations may select against the desired trophy phenotype if they increase the mortality 
of males with large horns. We analyzed a 25-year data set on age-specific horn growth of 
bighorn rams harvested in the southern interior of British Columbia to investigate 
temporal trends in horn size. We assessed the effects of population density, weather and 
trophy hunting on horn growth in two populations, one (Ashnola) managed through a 
limited-entry draw and one (South Okanagan) managed as unlimited-entry for British 
Columbia residents. In both populations, only rams with horns describing at least V* curl 
could be legally harvested. The second horn increment in harvested rams decreased by 
10% over 25 years in the South Okanagan but not in the nearby Ashnola population over 
the same time period. There was no detectable temporal trend for other yearly horn 
increments. Habitat deterioration and selective hunting may have driven the decline in the 
second increment in the South Okanagan. Intense hunting may have selected for smaller-
horned rams, although habitat deterioration through human development and forest 
encroachment may also have contributed to the decline in horn growth. In both study 
areas, rams shot at a younger age had greater early horn growth than rams shot at an older 
age. Rams with the fastest growing horns were harvested as early as 3 years old, before 
they had the opportunity to reach high dominance status and obtain many paternities. 
Rams with fast-growing horns may be selected against under VA curl, unlimited-entry 
regulations. Long-term data on biological indicators, such as horn annuli length, along 
with genetic information, are useful tools for wildlife managers to monitor wildlife 
habitat and population quality, and can aid in the management and conservation of wild 
sheep and other terrestrial mammals. 
Key words: bighorn sheep, biological indicator, British Columbia, conservation, habitat 
degradation, harvesting, horn growth, Ovis canadensis, population quality, trophy 
hunting. 
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INTRODUCTION 
Understanding how wildlife populations respond to selection pressures imposed by 
environmental and anthropogenic conditions is important in wildlife management. Sport 
harvest, habitat alteration, climate change and population density are all pressures that 
may affect individual fitness, population dynamics and ultimately population viability 
(Ashley et al., 2003; Fahrig, 2003; Festa-Bianchet, 2007). 
Many wildlife populations are managed specifically for hunting. Sport harvest is often 
biased towards a specific phenotype or morphological feature, particularly in the case of 
trophy hunting. Recent studies have raised concerns that there may be evolutionary 
consequences associated with harvest strategies that deliberately select against traits 
associated with fitness (Coltman et al., 2003; Garel et al., 2007). Although these recent 
investigations suggest that many current trophy-hunting programs may not be genetically 
sustainable, they are so far limited to very few populations and their conclusions are 
somewhat controversial (Loehr et al., 2006). Therefore, more investigation of the 
potential selective effect of trophy hunting on wildlife populations is needed (Festa-
Bianchet, 2003) to both document the extent of, and if necessary suggest ways to 
minimize harvest-induced changes in morphological and life history traits (Ernande et al., 
2004). 
Evidence of genetic effects of selective harvesting in populations has been provided by 
several studies in fisheries management (Law, 2001; Marcil et al., 2006; Ratner & Lande, 
2001; Stokes, 1993; Walsh et al., 2006). Experimental size-selective harvest of Atlantic 
silverside (Menidia menidia) led to reduced adult and larval growth rate, as well as egg 
size, providing evidence of negative evolutionary impact of harvest on life-history traits 
(Conover & Munch, 2002). In addition, the selective effect of illegal ivory hunting 
increased the prevalence of tusklessness in the African elephant (Loxodonta africana) 
(Jachmann et al., 1995). 
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Because the sex-age classes subject to hunting mortality are very different from those 
normally experiencing natural mortality, hunting may act as a complex selective force 
modifying demographic and social characteristics of a population (Festa-Bianchet, 2003; 
Ginsberg & Milner-Gulland, 1994; Heimer et al., 1984; Jorgenson et a l , 1998). For 
example, hunting affects group social structure in elephants by removing large, 
experienced, mature reproductive females (McComb et al., 2001), but could also aid in 
species conservation by providing economic incentives to conservation and habitat 
protection (Leader-Williams et al., 2001). Since there are important economic and 
ecological implications of sport harvest, biological research that helps develop 
sustainable harvest regimes is valuable. For example, a modelling exercise suggested that 
harvesting male lions above a minimum age threshold could sustain trophy hunting of 
Tanzanian lions without introducing quotas (Whitman et al , 2004). It is essential that a 
harvest be sustainable over the long-term, in order to preserve cultural and ecological 
integrity of populations and the humans that manage them. 
In bighorn sheep, trophy hunting may have reproductive and life-history consequences by 
changing the age structure and age-specific mortality of adult males within a population. 
When hunting pressure is intense for rams older than 5 years, young males may suffer a 
mortality cost due to increased mating effort during the rut (Geist, 1971). Similarly, there 
have been suggestions of increased energy expenditure in young Dall's sheep {Ovis dalli) 
rams in hunted populations, compared to unhuntcd populations (Heimer et al., 1984; 
Singer & Zeigenfuss, 2002). Shackleton (1991) emphasized the need to examine 
behavioural data of young rams to determine how hunting may influence bighorn sheep 
mating systems. Shackleton (1991) suggested that removing mature males in hunted 
populations may disrupt the mating system of bighorn sheep by encouraging young males 
to participate in the rut and display courtship behaviours, thereby increasing mortality of 
younger males. Despite growing evidence of the negative impact of size-selective 
harvest, however, the long-term effects of harvest regimes on bighorn populations remain 
relatively unexplored. 
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The hypothesis that size-selective harvest of large-horned rams in wild sheep populations 
would have an evolutionary effect is contentious. Coltman et al. (2003) reported that 
artificial selection may favor small-horned rams in the isolated population of bighorn 
sheep at Ram Mountain, Alberta. Subsequently, Hcimer et al. (2004) criticized the data 
and underlying premise of the hypothesis, and Loher (2006) suggested that in accordance 
with Geist's (1971) hypothesis, young rams with large horns suffered increased natural 
mortality. Other authors have suggested that the potential negative evolutionary 
consequences of selective harvest regimes have been underestimated (Festa-Bianchet et 
al., 2006; Whitfield, 2003). Wildlife managers may be reluctant to adjust well-established 
regulations, until faced with solid evidence of unwanted phenotypic or genetic 
consequences of selective harvest. 
In polygynous ungulates, horn and antler size can be correlated with fitness, by affecting 
reproductive success and survival (Clutton-Brock, 1988; Clutton-Brock et al., 1997; Cote 
et al., 1998; Giacometti et al., 2002; Jorgenson et al., 1998). In bighorn sheep, 
reproductive success of bighorn rams, quantified by identifying paternities through 
molecular analyses, increases with horn length, body mass and dominance rank (Coltman 
et al., 2002; Hogg & Forbes, 1997). Specifically, Coltman et al. (2002) found that large 
horn size does not confer a reproductive advantage to bighorn rams until after 6 years of 
age, when rams approach asymptotic horn and body size. The social hierarchy of rams 
plays an important role in the mating system of bighorn sheep. Mature, dominant males 
father the greatest number of lambs by defending ('tending') estrous ewes (Hogg, 1987; 
Hogg & Forbes, 1997). Young rams use alternative mating tactics that result in a low 
reproductive success, which is independent of horn size. Therefore, in hunted populations 
younger rams with rapidly-growing horns may be shot before their large horns can 
improve their reproductive success. Populations where young rams with large horns are 
removed by hunting, may be subjected to artificial selection because the phenotype-based 
harvest regulations remove the competitors of rams with shorter or slower growing horns 
(Coltman et al., 2003; Coltman et al., 2005). In these populations, large horns lead to a 
hunting-induced fitness cost 2-3 years before they can provide a fitness benefit through 
improved access to estrous ewes. Biased phenotypic harvest is a concern if the target of 
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harvest selection is a highly heritable trait, such as horn size (Coltman et al., 2003; 
Coltman et al., 2005). Recently, Coltman et al. (2005) suggested that traits associated 
with large horns in bighorn sheep rams are genetically correlated with fitness-enhancing 
traits in ewes, such as body size and weaning mass. Consequently, excessive harvest of 
large-horned rams could have negative demographic consequences by reducing 
population performance. 
Temporal variation in the environment can interact with genetic traits that influence 
growth (Scribner et al., 1989). Environmental conditions early in life affect life history 
traits and morphological characters, which define individual quality, therefore affecting 
lifetime reproductive success and survival (Stearns, 1992). Several studies have examined 
the effects of environmental conditions on phenotypic traits in large mammals (Cote et 
al., 1998; Fandos, 1995; Perez-Barberia et al., 1996; Schmidt et al., 2001; ToTgo et al., 
1999). Climate may affect horn and antler length primarily through its effect on resource 
availability and quality (Gaillard et al., 2000). For example, Dall's sheep horn growth 
was positively affected by spring precipitation through its influence on vegetation 
(Bunnell, 1978). In white-tailed deer (Odocoileus virginianus), the effects of density and 
summer range conditions were evident in the antler beam diameters of harvested 
yearlings (Patterson & Power, 2002). Evidently, phenotypic traits are influenced by 
quantity and quality of resources and weather conditions in the early stages of life 
(Schmidt etal., 2001). 
In addition to selective harvest and environmental conditions, horn growth may be 
affected by human-induced changes in habitat quality. Conservation biologists are 
increasingly concerned about the population effects of habitat degradation, fragmentation 
and loss due to anthropogenic disturbance (Ashley et al., 2003; Hendry & Kinnison, 
1999). Garel et al. (2007) found that horn size and body mass decreased over time in an 
introduced sport-hunted population of European mouflon (O. aries) and suggested that a 
decline in size could be explained by both the selective effect of hunting and severe 
habitat loss. 
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Here we use a 25-year database of bighorn sheep horn measurements in two populations 
in the southern interior of British Columbia, Canada, to examine the possible effects of 
different management regimes on temporal changes in horn length and on the age of 
harvested bighorn rams. The database includes annual horn growth and cumulative horn 
length for harvested rams. We interpreted the variation in horn growth by considering 
climatic variability, habitat condition, population density, and harvest pressure. 
In one of the study populations, in the South Okanagan, habitat conditions have been 
drastically altered by fire suppression, intensive livestock grazing, agriculture, and 
urbanization (BC Ministry of Environment, 1998). We hypothesized that horn size of 
young rams in the South Okanagan would be negatively affected by deteriorating habitat 
and show a negative trend over time. For the nearby Ashnola population that has not 
undergone systematic habitat deterioration, we expected horn size to remain unchanged 
over the same time period. 
We also wanted to determine if there was a relationship between early and later horn 
growth within the same ram. There is little evidence of compensatory growth in wild 
sheep (Clutton-Brock et al., 1985; Festa-Bianchet et al., 2004; Cote et al., 1998; Perez-
Barberia et al., 1996), therefore we predicted that short-horned rams would remain 
relatively small-horned at all ages. 
We also investigated whether or not trophy hunting may affect ram horn size in the two 
populations, by comparing harvest age with horn growth in the early years of a ram's life. 
We predicted that there would be a negative relationship between harvest age and horn 
grown when rams were 4 years and younger because faster growing rams will achieve the 
minimal horn size required for legal harvest before slow-growing rams. Because the 
Ashnola population was managed through a limited-entry draw while in the South 
Okanagan there was an unlimited-entry hunt for BC residents, we expected greater 
hunting pressure in the South Okanagan than in the Ashnola. In a population managed as 
unlimited-entry, increased hunter competition should lead to a younger average age of 
harvested rams. In the population managed as limited-entry draw, hunters may spend 
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more time searching for larger males, and therefore a smaller proportion of rams should 
be harvested the year they become legal. 
Finally, we wanted to determine what environmental conditions might explain variation 
in horn growth. Because of the importance of resource quality and availability on early 
development and mass in ungulates (Festa-Bianchet et al., 2004; Loison et al., 1999; 
Portier et al., 1998), we hypothesized a positive effect of spring precipitation, and a 
negative effect of summer temperature on annual horn growth. We also hypothesized that 
low winter temperatures would delay the onset of the growing season, reducing the body 
condition and horn growth of young rams. 
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METHODS 
Study area and population 
We examined horn increment length in 501 harvested bighorn rams and 136 rams found 
dead of natural causes between 1976 and 2003 from the South Okanagan (49°29*N: 119° 
34'W and Ashnola valleys (49°13'N; 119°58'W), southern interior, British Columbia 
(B.C.), Canada. Both areas have semi-arid climates. The South Okanagan is a densely 
populated, narrow, low elevation valley with three biogeoclimatic classifications: the 
Very Dry Hot Bunchgrass Subzone, Very Dry Hot Ponderosa Pine Variant, and the 
Interior Douglas-fir and Montane Spruce Zones (Cannings & Cannings, 1996; Lea et al., 
1991). The Ashnola summer and winter range occur at high elevations and consist 
primarily of Very Dry Hot Bunchgrass Subzone, Very Dry Hot Ponderosa Pine Variant, 
Interior Douglas-fir and Montane Spruce and Alpine Tundra. 
There is greater complexity of land tenure in the South Okanagan, compared to the 
Ashnola. The bighorn winter range in the South Okanagan is 36% Provincial, 33% 
private land, 23% Indian Reserve, and 8% conservation holding. The Ashnola is 
primarily provincial protected tenure, with a few small private holdings in low elevation 
winter range (BC Ministry of Environment, 1998). The South Okanagan private and 
Indian Reserve lands include vineyard and livestock operations. The Southern Okanagan 
is one of Canada's most endangered grassland ecosystems (Freemark et al., 2006; 
Warman et al., 2004). Fire suppression, intensive livestock grazing, agriculture, and 
urbanization have greatly reduced suitable bighorn sheep range (BC Ministry of 
Environment, 1998). In addition, fire suppression (Agee, 1993) in the Ponderosa Pine and 
Bunchgrass biogeoclimatic zones has resulted in extensive conifer encroachment. Conifer 
densities have increased by 20-40% since 1938 (Turner & Krannitz, 2001). Without fire 
to maintain open forest stands, forage production and quality are reduced for bighorn 
sheep (Wakelyn, 1987; McWhirter et al., 1992; Smith et al.. 1999). 
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Population counts were obtained from helicopter census and winter ground census in the 
Ashnola and ground censuses in the South Okanagan. The South Okanagan population 
data were ground counts conducted since 1962 in part of the study area. Helicopter 
counts were conducted in the Ashnola valley (Figure 1). The South Okanagan winter 
ground counts were biased for females and young rams, because mature rams were not 
typically in the area when the population was surveyed (Chapman, 1999). Population size 
peaked in the late 1970s and early 1980s in both areas. Bighorn sheep in the South 
Okanagan suffered an all-age pneumonia die-off in 1999/2000 that killed 65-70% of the 
population (Harper et al., 2001). Bighorn in the Ashnola suffered a die-off in 1991 that 
reduced the population by 60-70% and was attributed to winter starvation (Harper et al., 
2001 , T. Ethier. pers. coram.). 
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Figure 1: Censuses of bighorn sheep in the South Okanagan Valley, BC, 1976-2003 and 
in the Ashnola Valley, BC, 1961-1973 and 1985-2003. South Okanagan counts are 
classified, whereas Ashnola are total counts. 
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Horn annuli and hunter harvest 
Horn measurement, hunter and harvest data were obtained from the Wildlife Section of 
the British Columbia Ministry of Water, Land and Air Protection. Compulsory 
inspections for sheep harvests have been in place since 1975. Horn increments were 
measured for bighorn rams hunted from 1976 to 2003. A clearly visible annulus is 
formed each year when horn growth stops over the winter. Ram age and annual growth 
can be accurately measured in rams up to 9 years old (Geist, 1966b; Geist, 1971). Horns 
were measured and information recorded on standard compulsory inspection forms by 
five biologists over the time period. The length of each annual growth increment, total 
horn length, horn base circumference, ram age, harvest date and location were recorded 
for each harvested ram. 
Since 1975, legal harvest of bighorn rams has been restricted by a 3A horn curl regulation. 
Rams could be shot if their horns described at least a 3A curl, which most rams reached at 
4 or 5 years old (but occasionally at 3 years). A ram is considered "% curl" when "at least 
one horn tip extends beyond a straight line through the back edge of the eye socket and at 
right angles to a line drawn through the lowest hindmost portion of the horn base and the 
lowermost edge of the eye socket" (BC Ministry of Environment, 2007). An unlimited 
number of hunting licenses in the South Okanagan were available to BC residents. 
Harvest during a 9-day general open season of VA curl rams in September was only 
limited by the availability of'legal' rams. Additional permits were allocated to guide 
outfitters that mostly had non-resident clients. The number of permits does not take into 
account First Nations harvest. Interviews with members of the Okanagan First Nation 
suggested that historically, Okanagan people did not hunt bighorn for trophies or meat 
but may have irregularly hunted rams and ewes for ceremonial purposes. Therefore, First 
Nation harvest of bighorns was assumed to be minimal over the study period. In the 
South Okanagan the hunting season was closed in the fall of 2000 to aid recovery from a 
pneumonia die-off (Harper et al., 2001). 
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Of the 290 rams harvested from the South Okanagan and 230 rams harvested from the 
Ashnola between 1976 and 2003, we included respectively 259 and 192 rams in the 
analyses. We excluded 31 harvested rams from the South Okanagan and 38 from the 
Ashnola in the analyses due to incomplete data, such as obvious errors in horn 
measurements and missing data. During inspections, biologists measured cumulative 
increment lengths starting with the distance from the tip of the horn to the first annulus 
(defined as LI), and then from the tip to each subsequent annulus until the total horn 
length was determined (tip to base of horn). We calculated "increment length" as the 
distance between each consecutive annulus. The first annulus (LI) is formed at the end of 
the first, 'lamb' year of life. The distance between the tip of the horn and the first annulus 
(LI) is the first increment. The second annulus (L2) is formed at the end of the second, 
'yearling' year of life and the distance between the first and second annuli is the second 
increment. The tip of the first horn increment is typically worn off as rams mature, and 
was not included in the analyses, except when trends in total horn length were examined. 
A possible source of error in the data may be that bighorn sheep in semi-arid 
environments experience a secondary growth period in early autumn (B. Lincoln, pers. 
coram.). Horn growth slows during the hot summer months, potentially resulting in the 
development of a visible growth indentation which may have caused biologists to record 
"false annuli". These errors were clear because the length of the recorded false annulus 
was smaller relative to the next increment length, contrary to the age-specific horn 
growth pattern of bighorn (Jorgenson et al., 1998). Measurements from the left horn were 
normally included in the analyses. When they were incomplete, we used measurements 
from the right horn. We was unable to calculate horn volume, used in a few studies of 
horn growth in wild sheep (Hik & Carey, 2000; Loehr et al., 2006; Picton, 1994; 
Wehausen & Ramey, 2000), because circumferences at each annulus were not 
consistently recorded. 
Horn measurements of harvested animals do not represent a random sample of males in 
the population. By definition, only rams that have horns satisfying the legal definition of 
harvestable ram can be hunted. Particularly for younger rams, the data are probably 
biased towards rams with faster-growing horns. Some rams may never enter the sample 
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because they do not achieve regulation size. We had access to 136 horn measurements of 
rams that died of natural causes or were hit by cars for comparison over the same time 
period. 
More hunters participated in the South Okanagan hunt compared to the Ashnola hunt. 
The number of hunters increased over time in both areas, and ranged between 15 and 90 
in the South Okanagan and between 10 and 50 in the Ashnola from 1975-2003 (BC 
Ministry of Environment, 1995). The number of rams harvested in each area also varied 
over time with a greater overall harvest in the South Okanagan (Figure 2). 
Weather data 
Climate data (1967-2003) were obtained from Environment Canada for Oliver (South 
Okanagan). The following climatic variables in the second year of growth (second 
increment) were considered: spring precipitation (total precipitation in April-June); 
summer temperature (average daily temperature in June-August); and snow (total 
snowfall in November-March). Climate data were not available for the Ashnola valley. 
Statistical analyses 
First, we plotted the relationship between age and horn increment length for harvested 
rams in each study location to describe the age-specific growth pattern in bighorn rams. 
Tests for normality and homoscedasticity were conducted in SPSS (SPSS, 1999). We 
examined temporal trends in total horn length, base circumference and increment length 
for harvested rams and rams found dead from natural causes in each study location over 
the 27 year period, using Pearson correlations (rp). To test for compensatory growth 
(Perez-Barberia et al., 1996; Cote et al., 1998), a Pearson correlation also compared 
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cumulative horn growth at age 3 and 4 ('late growth') with cumulative horn growth at 
age 1 and 2 ('early growth') for the same ram. 
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Figure 2: Bighorn sheep rams harvested in the South Okanagan and Ashnola 
management units from 1953-1999. Data from 1953-1975 have high annual variation and 
is likely an underestimate, as it was not obtained by compulsory inspection, but through 
Ministry of Environment hunter questionnaires and ground census. 
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We used linear regression in S+ version 6.0 (Pinheiro & Bates, 2000; SPLUS, 2000) to 
test the test the effects of ram horn growth and time on harvest age. To investigate which 
environmental parameters affected early horn growth in rams, we conducted a Principal 
Component Analysis (PCA) in S+ (see Appendix A: Table 6). The principal component 
represents the most important gradient of variance in the available weather variables 
(Pinheiro & Bates, 2000). The correlation matrices within the PCA take into account the 
different range and units of the weather and time variables. The second horn increment 
was then compared with the principal weather component using linear regression. 
We also calculated the proportion of rams that were removed at 6 years and older to 
qualitatively evaluate the harvest age distribution in each management regime. Because 
horn length does not have a strong effect on reproductive success in rams younger than 6 
years old (Coltman et al., 2002), the harvest age distribution may be important in 
addressing the question of whether or not artificial selection for short-horned rams may 
affect these populations, especially if the majority of fast-growing rams are removed 
prior to their reproductive peak. 
RESULTS 
As rams aged they grew shorter horn annuli in both study areas (Figure 3). The longest 
annulus was grown in the "yearling" or second year of growth. Total horn length for 
South Okanagan bighorn rams decreased over time for almost all harvest age classes, 
declining by 10% in rams harvested at 4, 5 and 6 years (Figure 4). In contrast, total horn 
length for Ashnola rams did not change over time for any harvest age class (Figure 4). 
Horn base circumference in the South Okanagan showed a negative temporal trend for all 
age classes except 9-year olds, but the correlation was only significant for rams harvested 
as 6 and 7-years old (Age 6, rP - -0.393, P = 0.004; Age 7, rP = -0.379, P = 0.025) (Table 
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1). In the Ashnola, there was no significant correlation between base circumference and 
year for any age classes. Most coefficients were negative but very weak (Table 1). 
In the South Okanagan, there were negative temporal trends for cumulative early horn 
growth (L1-L4) as well as total length; however, there were no differences over time for 
horn increment lengths L2-L4 (Figure 5). Therefore, we focused the regression analysis 
on the second increment. To account for environmental constraints, year of growth was 
included in the analyses. The second increment of rams from the South Okanagan was 
negatively correlated with year of growth (rP = -0.271, P<0.0l,n- 259; Figure 6). The 
second increment of Ashnola rams was not correlated with year of growth (rp = 0.099, P 
= 0.17, n = 192; Figure 6). Over 26 years, the second increment declined by 10% in the 
South Okanagan and remained unchanged in the Ashnola. 
The mean second increment for South Okanagan rams was 227 mm (s.e. = 2.87), ranging 
from 74 mm in 1992 to 350 mm in 1974. The mean second increment for Ashnola rams 
was 220 mm (s.e. = 3.47, range from 64 mm in 1968 to 312 mm in 1986). 
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Figure 3: Age specific horn growth of harvested bighorn rams in the South Okanagan 
and in the Ashnola populations, British Columbia, from 1970 to 1999. Sample sizes for 
horn measurements are included above bighorn ram age. 
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Figure 4: Horn growth by 4, 5 and 6-year old harvested rams in the Ashnola and South 
Okanagan populations from 1970-1999. 
Ashnola: Age 4, r = .02; Age 5, r - .04; Age 6, r = .06 (P>0.05). South Okanagan: Age 4, 
r = -.39 (P=0.002); Age 5, r = -.38 (P=0.000); Age 6, r = -.34 (P=0.009). 
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Table 1: Correlations of honi base circumference and year according to harvest age for 
bighorn rams harvested in the South Okanagan (1975-1999) and the Ashnola (1975-
2003).. 
Population 
South 
Okanagan 
Ashnola 
Harvest Age 
3 
4 
5 
6 
7 
8 
9 
10 
3 
4 
5 
6 
7 
8 
9 
10 
N Pe 
22 
55 
74 
53 
35 
14 
5 
3 
11 
35 
43 
38 
23 
16 
19 
12 
arson coefficie 
-0.12 
-0.10 
-0.16 
-0.39 
-0.38 
-0.20 
0.35 
-0.17 
0.09 
-0.09 
-0.17 
-0.14 
-0.16 
-0.03 
-0.22 
-0.24 
mt P-valu 
0.59 
0.49 
0.17 
0.00 
0.03 
0.51 
0.57 
0.89 
0.79 
0.63 
0.27 
0.40 
0.47 
0.92 
0.36 
0.45 
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Figure 5: Horn growth by 2- and 3-year-old bighorn rams in the South Okanagan and the 
Ashnola from 1970-1999. 
South Okanagan: Age 2, r =-.20, (P =0.749), n=266; Age 3, r = .010, (P =0.876), n=245. 
Ashnola: Age 2, r =.047, (P =0.493), n=211; Age 3, r = .027, (P =0.493), n=199). 
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Figure 6: Horn growth by yearling bighorn rams in the Ashnola (n=192) and South 
Okanagan (n=259) populations from 1970-1999. 
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There was no correlation between cumulative horn growth at ages 3 and 4 and at ages 1 
and 2 within the same ram in either study area (South Okanagan: /> = 0.027, P - 0.70, n 
= 211; Ashnola: rP = 0.050, P = 0.52, n - 163). 
For rams found dead, mean second increment was 223 mm (s.e. = 4.56) in the South 
Okanagan and 224 mm (s.e. - 8.42) in the Ashnola. For rams found dead in the South 
Okanagan, the second increment declined over time (rP = -0.378, P = 0.002, n = 66; 
Figure 7), but not for the Ashnola (rP = 0.112, P = 0.509, n = 37; Figure 7). The mean age 
of South Okanagan rams found dead was 4.9 years (s.e. = 0.25; n = 74) and it was 6.1 
years (s.e. = 0.45; n = 46) in the Ashnola. 
Mean ram harvest age was 5.4 years in the South Okanagan (s.e. =0.0092, n = 290; 
Figure 8) and 6.1 years (s.e. = 0.15, n - 229; Figure 8) in the Ashnola. Rams aged 6 years 
and older made up 42% of the harvest in the South Okanagan, and 57% in the Ashnola. 
There were no temporal trends for harvest age in either the South Okanagan (rp = -0.051, 
P - 0.388; N=290; Figure 8) or the Ashnola (rP = 0.054, P = 0.414; N=229; Figure 8). 
In order to predict ram harvest age, we assessed the effects of time and the second 
increment length on harvest age in South Okanagan rams. The final model included 
significant negative effects of time and increment length (F;>, 255= 14.01, P= 0.000) and 
explained 10% of the variance in harvest age in South Okanagan harvested bighorn rams 
(Table 2). Figure 10 represents horn growth by yearling bighorn rams at harvest age in 
both study areas. 
The results of the Principal Component Analysis revealed a component (PCI) 
representing, for increasing values of the component, a decrease in winter snow, an 
increase in summer temperatures, and an increase in time. The Principal component 
identifies the most important gradient of variance in the weather variables, taking into 
account slight correlations between variables as well as different ranges and units (Figure 
9; Appendix A: Table 6). A linear model showed a negative effect of PCI on second 
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increment length in rams in the South Okanagan (F)
 226 = 13.06, P = 0.000), where it 
explained 5% of the variance in increment length (Table 3). 
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Figure 7: Horn growth by yearling bighorn rams found dead of natural causes or roadkill 
in the Ashnola (n=37) and South Okanagan (n=66) populations from 1970-1999. 
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Table 2: Linear model of factors affecting age at death in harvested bighorn sheep rams 
in the South Okanagan (1975-1999). R2 = 0.10. F2,255 = 14.01, P - 0.000. 
Linear model: Harvest Age ~ Second Increment + Time 
Value Std. Error t value Pr(>|t|) 
(Intercept) 7.671 0.540 14.196 0.000 
Increment -0.006 0.002 -3.034 0.003 
Time -0.072 0.014 -5.012 0.000 
Table 3: Linear model of the factors affecting second increment growth in harvested 
bighorn sheep rams in the South Okanagan (1975-1999). R2 = 0.05. F|,226 = 13.06, P = 
0.00004. 
Linear model: Second Increment ~ Principal Component #1 
Value Std. Error t value Pr(>|t|) 
(Intercept) 227.689 3.092 73.641 0.000 
PCI -7.931 2.195 -3.613 0.000 
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Figure 9: Representation of the Principal Component Analysis of South Okanagan 
weather variables associated with horn length for harvested bighorn rams. The axis with 
snow, summer temperature and time was identified as the First Principal Component, 
(also see Appendix A: Table 6). 
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Figure 10: Horn growth by yearling bighorn rams by harvest age in the Ashnola (n=192) 
and south Okanagan (n=259) populations from 1970-1999. 
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DISCUSSION 
I found that over the study period both total horn length and second increment length 
decreased in the South Okanagan population but not in the nearby Ashnola population 
(Figures 4, 6, 7). Long-term horn growth patterns of bighorn rams in the South Okanagan 
may be indicative of deteriorating habitat, either in quality or in availability. 
Alternatively, intense selective hunting in the South Okanagan has negatively impacted 
horn size driving a decline in the second increment. 
Habitat degradation may have a negative impact on phenotypic traits such as horn 
growth. The second increment in harvested rams decreased by 10% over 25 years in the 
South Okanagan but was unchanged in the nearby Ashnola. The lack of a temporal 
decline in second increment in the Ashnola could be explained by different land-use 
changes between the two study areas. Other than some livestock grazing and fire 
suppression, in the Ashnola there has been minimal anthropogenic disturbance since 
1975. In the South Okanagan, fire suppression, intensive livestock grazing, invasive non-
native plants, agriculture, and urbanization have greatly reduced suitable bighorn range 
(BC Ministry of Environment, 1998). Corti (2001) found non-native plant infestations 
prominent in all areas in the South Okanagan management unit; forest encroachment and 
urbanization were serious threats to bighorn habitat in northern areas; whereas livestock 
grazing was more intense in southern areas. The Southern Okanagan is one of Canada's 
most endangered grassland ecosystems (Freemark ct al., 2006; Warman et al., 2004). 
Less than 40% of the grassland habitat available in the early 20th century remains, and 
only 5% is protected (BC Ministry of Environment, 1998). Bighorn habitat has been 
reduced and is threatened by continued fire suppression (Keller, 1977; Wikeem & Strang, 
1983). Wakelyn (1987) documented that fire suppression was the major cause of habitat 
loss in Colorado. Without fire to maintain open forest stands, visibility for bighorns and 
forage production and quality are reduced (McWhirter et al., 1992; Smith et al., 1999; 
Wakelyn, 1987). 
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Although deteriorating habitat may explain the temporal decline in horn length, it is 
important to note that the number of sheep in the South Okanagan declined over time 
(Figure 1) and spring precipitation increased. Horn growth of young rams should have 
benefited from decreased intraspecific competition and increased forage quality and 
availability (Jorgenson et al., 1998). Therefore, there may be other factors impacting ram 
horn size over the time period. 
The selective hunting hypothesis is also supported by the results. The negative effects of 
the second increment and time on harvest age of bighorn rams suggests that, as predicted, 
rams with faster horn growth were shot at a younger age (Figure 10). Trophy hunting in 
the South Okanagan may have selected against rams with rapidly growing horns, because 
they became available for harvest at 3 or 4 years of age. Similarly to other studies, young 
large males are more likely to be shot, potentially selecting against the desired trophy size 
(Coltman et al , 2003; Festa-Bianchct et al., 2004). The relationship between time and 
harvest age in rams also suggested an increasing harvest pressure on younger rams over 
the study period, possibly reflecting a lowered probability of survival of rams in the first 
year that their horns reached legal size. However, the trend between time and harvest age 
is weak, and is significant because of a very large sample size. 
We also found an older average age of harvest in the Ashnola rams, with a greater 
proportion of rams removed at 6 years and older, and therefore a smaller proportion of 
rams harvested the year they became legal. There were no differences in the average 
second increment length between the two populations, suggesting that, on average, rams 
became available for harvest at the same age in the two populations. Of the rams 
harvested from the South Okanagan, 58% were 5 years and younger. In addition, hunting 
pressure in the Ashnola, managed on a limited-entry draw, was likely lower than in the 
South Okanagan, which was managed as unlimited-entry for BC residents. 
Since horn size may not convey a reproductive advantage until after 6 years of age 
(Coltman et al., 2002), the management regime in the South Okanagan until 2000 may 
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have selected against rams with rapidly growing horns by removing them before their 
horns could have a positive effect on their reproductive success. Reproductive success in 
mature males may increase with increasing body mass, horn length, and social rank 
(Coltman et al., 2002; Geist, 1971; Hogg & Forbes, 1997; Pellctier & Festa-Bianchet, 
2006; Pellctier et al., 2006; Singer & Zeigenfuss, 2002). Horn size is also inheritable, 
which is a concern if a phenotypic-based harvest leads to selection against rapid early 
growth (Coltman et al., 2003; Coltman et al., 2005). Bighorn rams grow 80% of their 
horn length within the first 5 years of life and if rams with rapidly growing horns are 
removed at 3-5 years of age, small or slower-growing rams may have increased mating 
opportunities in hunted populations, potentially impacting genetic variability and 
contributing to losses in fitness and changes in life history traits (Ernande et al., 2004; 
Fitzsimmon et a l , 1995). 
Selective removal of large-horned rams could affect other fitness-enhancing traits, which 
arc genetically correlated to horn size (Coltman et al., 2005). If traits related to body mass 
or contributing to immunity were genetically correlated to horn size, trophy hunting 
could have further biological consequences in wildlife populations. For example, if traits 
contributing to bighorn ewe body mass arc genetically correlated with ram horn size, 
there could be several cascading implications, such as poor body condition of adult 
females, reduced survival of lambs (Festa-Bianchet et al., 1997), delay in age of 
primiparity (McKcnzie, 2003), decrease in fecundity (Festa-Bianchet et al , 2000), 
reduced birth mass and delayed birth dates of lambs (Fcder, 2006), and increased 
susceptibility to disease (Coltman et al. 2001; Jorgenson et al. 1997). In Soay sheep (Ovis 
aries), there is a positive genetic correlation between body mass and parasite resistance, 
suggesting that genetically resistant individuals also have high body mass and large horns 
(Coltman etal., 2001). 
We did not find evidence of compensatory horn growth in rams, which is consistent with 
other studies of wild ungulates where male reproductive success appears to be correlated 
with horn or antler size (Clutton-Brock et al., 1985; Festa-Bianchet et al., 2004; Toi'go et 
al., 1999). Young small rams remain relatively small over their lifetime. Slow-growing 
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rams do not enter the hunter-killed sample until they are legal, and in some cases may 
never enter the sample because they do not meet the legal curl regulation. The decline in 
early growth in rams found dead in the South Okanagan confirms that phenotypic quality 
of bighorn males declined over time, because rams had smaller horns in later years 
whether they died a natural death or were harvested (Figures 4,6,7). 
Later in the study period, younger rams were harvested in the South Okanagan, but the 
possible increase in harvest pressure also coincided with what is presumably a climatic 
effect on phenotypic quality. The prevalence of smaller-horned rams later in the study 
period may also be due to an increase in summer temperatures over time. The linear 
model of the factors affecting increment growth in harvested rams, explained only 5% of 
the variance in the second increment, indicating there are additional factors that 
contribute to variation in horn growth other then weather variables. 
Environmental effects on phenotypic traits and growth are well documented in ungulates 
(Festa-Bianchet et al., 2004; Loison et al , 1999; Portier et al., 1998; Saether, 1997). My 
results suggest that weather, specifically snow and summer temperature over time, play a 
role in horn growth in rams in the southern interior of BC. The negative effect of the 
Principal component, which contains the underlying correlation matrix of time, snow and 
summer temperature on horn growth in young rams, can likely be explained through 
reduced food quality and availability and a shortening of the growing season over the 
study period. My results suggest that summer may be an important season for horn 
growth in semi-arid environments. Weather in summer may be important in determining 
the onset and duration of the growing season, as well as resource quality and quantity in 
the semi-arid climates of southern BC (Lcith & Whitfield, 1998; Whitfield & Cannon, 
2000; Whitfield & Cannon, 2003). 
There is increasing concern that global warming and climate change may negatively 
affect ungulate populations (Post & Stenscth, 1999; Reale et al., 2003). Specifically, in 
the South Okanagan there are documented warming trends, increased spring and winter 
precipitation and projected long and dry summers (Leith & Whitfield, 1998; Whitfield & 
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Cannon, 2000; Whitfield & Cannon, 2003). Bighorn ram horn length is negatively 
affected by these weather variables, indicating that male phenotypic quality and future 
trophy size may be further reduced. 
Management Implications 
A trophy harvest management regime that selects against large horns is 
counterproductive. Because bighorn sheep have major cultural and economic values, 
initiatives to help increase and restore populations provide employment and income to 
communities through hunting, guiding and wildlife viewing opportunities. The VA curl 
limited-entry system implemented in the Ashnola increased the average harvest age by a 
little less than 1 year compared to the 3A curl open season in the South Okanagan, but 
Ashnola rams as young as 3-4 years old were still removed, presumably before they 
could make a reproductive contribution to the population. If trophy hunting selects 
against larger-horned rams, future harvest strategies for both these populations should be 
conservative, limiting the number of permits and increasing the minimum degree of curl 
in the hunting regulation. It is important to decrease the proportion of harvested rams 
younger than 6 years old, to maintain several mature rams in the population. 
Disentangling phenotypic and genetic causes of change in harvested populations is an 
important pursuit in wildlife management. Faced with the possible selective effect of 
hunting, continued loss of habitat and possible large-scale climatic influences acting on 
wildlife populations, managers must consider the population and evolutionary 
consequences of management regimes. Inevitably, phenotypic and genetic traits will 
interact and respond to a changing environment, including changes in harvest strategy. 
Finally, it is important to underline that most of my analysis was based on measurements 
of annual horn growth, and it would have been impossible had mangers in BC simply 
measured total horn length and base circumference of harvested rams. Managers 
conducting compulsory inspections for wild sheep should measure all annual horn 
increments and annular circumferences, because they provide a record of events during 
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each year of a ram's life, and allow comparisons of growth in rams harvested at different 
ages. We also encourage the collection of tissues to later obtain genetic information. 
Genetics are becoming an increasingly important tool to monitor wildlife habitat and 
population quality (reviewed in DeYoung & Honeycutt, 2005), and aid in the 
management and conservation of wild sheep and other terrestrial mammals. 
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CHAPTER II: GENERAL DISCUSSION 
This study shows that horn size in bighorn rams has declined by 10% since 1975 in the 
South Okanagan. Harvest pressure may be greater in the South Okanagan, compared to 
the Ashnola, but more importantly, there is a negative relationship between early horn 
growth, time and harvest age in bighorn rams. This indicates a fundamental problem of 
deteriorating habitat quality and/or an evolutionary consequence of selective harvest. 
These results are of great interest for life history and evolutionary theory, wildlife 
management, and conservation initiatives because they are a strong example of how 
incorporating biological information, potential evolutionary consequences of human 
actions with additional ecological factors can help formulate sustainable harvest 
strategies. 
Here, I will first discuss the potential consequences of declining phenotypic quality in 
relation to fitness and population persistence in polygynous ungulates. Then I will 
suggest alternative management schemes, which aim to reduce the potential size-selective 
harvest in large mammal populations, ensuring that trophy hunting can be sustained. 
Next, I will discuss the implications for the continued deterioration of habitat for bighorn 
sheep, and suggest ideas for protection and improvement of remaining habitat. Finally, I 
will discuss the possible effects of climate change on phenotypic quality in wildlife 
populations. I will conclude with some specific comments and recommendations for 
management of bighorn sheep in the southern interior of British Columbia. 
The assessment of evolutionary change in free-living populations is challenging, 
especially when the complex environmental and genetic components of population 
characteristics arc difficult to partition and can change within short time frames. 
Phenotypic variation is due to a combination of environmental and genetic variance. My 
primary concerns are the consequences of a small-horned phenotype in relation to 
bighorn sheep fitness. Variation in reproductive success is the principal component of 
fitness in males of polygynous mammals, which is primarily due to differences in 
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phenotype, particularly morphological characters (Clutton-Brock, 1988). In the 
population I studied, the increasing temporal prevalence of a smaller-horned phenotype 
may be due to selection, inbreeding (Slate et al., 2000), and a major change in ecological 
conditions. Consequently, a population with smaller-horned rams may have reduced 
population viability, perhaps through genetic changes in life history traits, and reduced 
capacity to recover after stochastic or catastrophic events. 
A harvest based on morphological attributes results in the differential removal of prime-
aged individuals, particularly those with rapid growth rate, and does not mimic the 
natural mortality pattern. Biased harvest can change the relative abundance of phenotypes 
within the population (Ratner & Lande, 2001). In the example of a bighorn sheep harvest, 
the age at reproductive maturity, as well as the reproductive investment of growing large 
horns is important: large horns provide a strong mating advantage only after 6 years of 
age when in competition with small-horned rams (Coltman et al., 2002). The differential 
removal of rams ages 4-5 years, which are at risk of harvest due their fast growing horns, 
favors slow-growing rams. Older, small-horned rams then obtain the majority of 
paternities. This harvest scenario, if intense, could result in the selection of a sexually 
selected trait in the opposite direction to how it evolved. Under selective harvest, large 
horns may no longer provide an advantage in obtaining paternities, because they should 
lead to a shorter lifespan. 
Recently, Loehr et al. (2006) suggested that large-horned rams in both hunted and 
unhunted populations risked early age of death due to costs associated with faster growth. 
They suggested that the selective effects of hunting on populations were limited because 
hunting regulations mimicked trends in natural mortality. Even if there is a trade-off 
between rapid growth rate and longevity in unhunted populations (Geist, 1966a; Loehr et 
al., 2006), large, mature males will continue to contribute to the majority of paternities in 
the system, whereas slow-growing rams may contribute a few paternities through 
alternative tactics, but will die having a disproportionately lower impact on the overall 
genetic pool. Because of what we know about the mating system of bighorn sheep 
(Coltman et al., 2002; Geist, 1966a; Hogg & Forbes, 1997), as well about the proportion 
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of paternities based on dominance status, we can deduce that the system favours old, 
mature dominant males with large horns. Therefore, management strategies that target 
young, fast-growing males do not mimic natural mortality patterns. In intensely hunted 
populations with a size-selective regulation, rams with faster horn growth rates have a 
high probability of being shot at a young age. The vulnerability of bighorn sheep to 
certain harvest regimes has little to do with the reproductive costs of being small or large, 
but more to do with differences in horn growth rates. 
Species traits may just be responding to the processes of Darwin's natural selection 
(Darwin, 1859). The rate of evolution and the target of selection are somewhat 
controversial (Conner, 2001; Roopnarine, 2003), but there is clear evidence that selection 
may vary across time and space (Arnold & Wade, 1984), and when selective pressures 
are strong, traits can change over a short time period (Ashley et al., 2003; Grant & Grant, 
2002; Hendry & Kinnison, 1999). Interestingly, large condition-dependent traits, such as 
horns, associated with male-male competition that are thought to be subjected to sexual 
selection may be forced in the opposite direction by selective harvest, possibly having 
long-term evolutionary changes in reproductive strategies and the species mating system. 
In this study, we found that artificial size-selection and environmental conditions might 
be forcing a decline in horn size in bighorn rams. Specifically in bighorn sheep, if large 
horns become less important for reproductive success, reproductive effort early in life 
may be increased (Stearns, 1992), there may be behavioural changes within the mating 
system, and the system which we thought had evolved to favour large horned, dominant 
males, may shift in a new direction. There is genetic variability within large, native 
bighorn sheep populations, allowing for alternative mating strategies to be selected. 
Possibly over time, smaller horned rams that are successful at alternative tactics, such as 
coursing, will be selected. 
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Wildlife Management 
Increased evidence that size-selective harvest may have negative long-term consequences 
should encourage scientists and managers to further investigate local population 
conditions associated with management regimes. I recommend three categories of action 
to foster understanding about the effects of trophy hunting on wild populations, improve 
compulsory inspections, and sustain trophy hunting. The recommendations are not 
mutually exclusive and will contribute to our understanding of the effects of trophy 
hunting in conjunction with population and habitat relationships, as well as potentially 
prevent evolutionary consequences that have been documented in bighorn sheep. It may 
be possible to have a paradigm shift in consumptive management. Many areas are already 
adopting more conservative management schemes, such as 'full curl', and older harvest 
ages in wild sheep populations. However, when the animal's morphology, size, value and 
trophy score are all highly associated, it becomes extremely difficult to change cultural 
and economic values associated with trophy hunting. 
"Good information makes for good game management and good hunting!" (BC 
Ministry of Environment, 2007). 
Government biologists and academics should collaborate, gather information and ask 
specific questions about large mammals. Populations should be monitored annually, and 
population estimates based on the sex-age structure of the population (Gaillard et al., 
1998; Gaillard et al., 2003; Jorgenson et al., 1997). Although there are many areas where 
consistent baseline data are available, there is much variability in methods between years, 
as well as in the monitoring of important demographic rates. Despite this, such data are 
important for long-term inferences. In cases where there is long-term population 
monitoring, managers can combine life history information, morphological data and 
genetic information providing insight into whether human actions and hunting regulations 
have long-term impacts. 
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In British Columbia, compulsory inspection data as well hunter questionnaires are 
available to assess hunting pressure, hunter effort as well as average age of harvest over 
time. Compiling this information seems a daunting task for already busy biologists, 
however, several opportunities exist for students to compile information and report to 
government biologists. I am very concerned that in British Columbia compulsory 
inspections have recently been contracted out and 1 hope that records will be 
standardized, and thorough. 1 suggest an educational seminar be conducted every two 
years for individuals who will be measuring the animals. I also suggest that digital photos 
be taken of each harvested animal in order to facilitate interpretation of the inspection 
information, as well as to assess hunter preference for morphology. The photo should be 
taken according to a standard protocol (eg. standard distance, mega pixels). In wild sheep 
inspections, if photographic capabilities are not available, 1 suggest that all inspectors be 
provided a manual vice, which assesses the degree of horn curl as is currently done in the 
Yukon (Hik & Carey, 2000). The measurement of degree of curl should be added to the 
inspection form as a mandatory field. This will allow managers to deduce whether wild 
sheep with faster growing horns are being preferred. Managers will also have a record of 
the age at which animals are achieving the minimum size restriction. The additions to the 
inspection may not add more than 7-10 minutes/animal, and is well worth the effort. 
In addition, tangible incentives for hunters to return questionnaires need to be 
implemented, such as entry into lotteries, increased conservation grants to areas with 
greater questionnaire returns, local fish/wildlife organizations profiled, etc. Sportsmen's 
organizations should offer to mail in the questionnaires for their members, possibly 
increasing the overall rate of return. I assume that low hunting success, complacency and 
a lack of trust often results in people not mailing in the surveys; therefore, incentives for 
the information submitted would likely increase returns. I also recommend that a few 
questions be added to the hunter questionnaires to evaluate hunter preference. The 
proportion of questionnaires returned for wild sheep is consistently above 50% (BC 
Ministry of Environment, 1995), and could aid interpretation of hunter selectivity. The 
first two questions provide information on hunter choice and competition, while the third 
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question evaluates a subjective component of the hunt, which could help evaluate the 
hunting experience as well as hunter perception of trophy size. 
For example: 
1. How many males in total were observed prior to choosing the trophy? 
2. How many males were in the group? 
a. Degree of Certainty 
i. Completely certain (open terrain) 
ii. Uncertain (forest cover, closed terrain) 
iii. Uncertain (classification problems) 
3. How would you define your trophy? Please choose one of the following that best 
meets your definition: 
a. Meets size regulation criteria 
b. Decent trophy size for a young animal 
c. - Decent trophy size 
d. Excellent trophy, could not have hoped for better 
e. Full curl/10 points, could not have hoped for better 
Furthermore, in order to facilitate future analyses of compulsory inspection data, I 
suggest linking the questionnaire data with the animal's age, the average age of harvest 
within that year and the compulsory inspection descriptor. 
Balancing hunting experience and biodiversity: Live fast, die old(er)\ 
Wildlife management strategies should aim at reducing harvest selectivity, as well as age-
sex differences between a managed and natural population. Over several years, harvest 
regimes that intensely harvest high quality males could affect life history traits and 
ultimately have evolutionary consequences (Festa-Bianchet, 2003). The alternative 
management scheme must decrease phenotypic selectivity, so different horn and antler 
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sizes and ages are harvested from the population, especially if the proportion of mature 
males in the population is low. Therefore, managers should prioritize reducing the 
strength of the potential selective pressure by focusing on the hunter as an artificial 
predator. In most cases, hunters tend to choose the largest of the available animals. 
Selective human predation may lead to differing reproductive patterns or strategies. We 
cannot think only in terms of the number of individuals being harvested, but also about 
differences between individuals, and how they relate to the breeding system of the 
species. A size-selective effect may not be strong if trophy size is reached after most 
males attain their peak breeding age. However, management regimes that harvest 
individuals well before their reproductive peak, base regulations on a minimum horn or 
antler size and remove mature reproductive males disproportionately to subordinate 
males are bound to have a selective effect. In bighorn, large males may reach % curl as 
young as 3 years, 4/5 curl as young as 4 years, but dominance, high reproductive success 
and high fitness do not occur until large-horned males are older than 6 years (Coltman et 
al., 2002). Therefore, if the goal is to harvest large males, the regulated trophy size should 
be aimed at individuals 1-2 years after their age of reproductive maturity, to allow for the 
realization of large horns as a reproductive investment. In addition to, or alternatively, 
young males could be harvested randomly, with no size restriction ("Any Ram"), 
ensuring that a large proportion of similar sizes and ages move through to the next 
breeding season. 
The "Any Ram" Limited Entry hunting regulation is implemented in a few areas of 
British Columbia. This regulation must assume 100% hunter success, and may not have a 
size-selective negative effect if the number of the rams in each age class is greater than 
the number of rams predicted to be harvested. The number of permits must be low in 
order to achieve this balance. A 'Full Curl' harvest regime would decrease the number of 
rams harvested each year, but the individual hunter reward would be greater. The 
regulation type could also alternate each year allowing young faster growing individuals, 
and large mature individuals to contribute to one more year of reproduction prior to being 
hunted. A split regime may also be appropriate in large populations, ensuring that natural 
and hunting mortalities are not additive. For example, Thelen (1991) suggests that a split 
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hunting regime targeting old elk that senesce and young animals vulnerable to natural 
mortality risk might avoid altering allele frequencies of antler size. The annual allowable 
harvest of rams, regardless of the regulation, also needs to consider hunter accessibility 
within the management area. For example, if the species' summer and fall ranges are 
highly accessible by vehicle, then hunter success will increase. In addition, there might be 
an interaction between hunter accessibility and regulation, suggesting that hunters can be 
more selective as they will be able to observe a large number of rams prior to choosing 
their trophy animal. An accessibility index should be calculated with the technological 
mapping capabilities available. 
Maintaining Genetic Variation 
In addition to refining population information and reducing the degree of hunter 
selectivity, genetic variation in the harvested population needs to be maintained in order 
to ensure sustainability (Allendorf & Leary, 1986; Fitzsimmon et al., 1995; Harris et al., 
2002; Lande & Shannon, 1996; Roopnarine, 2003). Spatio-ccological management may 
help reduce or potentially remove selective pressures if they exist (Tenhumberg et al., 
2003). A refuge or protected area could act as a source population, from where gene 
dispersal can maintain genetic variation in the population (Dias, 1996; Hanski, 1998). For 
example, Temhumberg et al. (2003) suggest that refuges reduce the size-selective harvest 
pressure in hunted populations of kangaroo (Macropus sp.) by facilitating naturally 
occurring gene flow between the hunted and unhunted areas. However, it has been 
suggested that if there are few males in the population, hunting removal may reduce gene 
flow and increase local genetic differentiation (Ellsworth et al., 1994; Harris et al., 2002), 
which further complicates the maintenance of genetic variance in hunted compared to 
unhunted populations. 
Recently, marine protected area research has developed modeling capabilities with 
environmental parameters, demographic rates, and harvest information to estimate the 
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effective size of protected areas to ensure refuge from fishing, as well as commercial and 
recreational activities (Carr, 2000; Trexler & Travis, 2000). We desperately need 
information for terrestrial populations in unhunted, hunted and with access to refuges to 
examine the importance of connectivity and the refuge concept for large mammal 
conservation. Knowledge about the size and number of refuge areas is needed to assess 
their importance to genetic variation and dispersal in hunted populations. 
Landscape Management 
The temporal decline in second increment in harvested bighorn rams in the South 
Okanagan may be a measure of habitat degradation over the 25-year period. I suggest that 
a combination of anthropogenic pressures, such as direct habitat loss and fire suppression 
have contributed to the decline in horn length in bighorn rams in the South Okanagan. 
Garel et al. (2007) also suggested that severe habitat loss negatively affected horn size 
and body mass in a population of mouflon. In particular, fire suppression, invasive non-
native plants, as well as urbanization and agriculture have reduced grassland ecosystems 
by 60% in the South Okanagan (BC Ministry of Environment, 1998). Continued 
deterioration of habitat may decrease phenotypic quality, therefore further reduce the 
desired trophy size of bighorn rams. 
Being habitat specialists, bighorn sheep are sensitive to landscape change (Singer et al., 
2000a). Wild sheep have limited abilities to disperse into new or human-developed 
habitat, and arc susceptible to disease when resources, such as forage quantity and habitat 
close to escape terrain are low (Enk et al., 2001; Monello et al., 2001); therefore, 
protecting or enhancing similar or adjacent habitats does not necessarily benefit bighorn 
populations. For example, bighorn sheep may not always be able to select high quality 
habitat, due to their anti-predator behaviour (Festa-Bianchet, 1988b). As a result, a 
common goal of programs is to restore degraded or historically used areas with range 
enhancements (Arnett, 1990; Harper, 2001; Singer et al., 2000b; Wakclyn, 1987). The re-
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introduction of fire into currently used and historic habitat, which increases resource 
availability, and positively affects horn growth in young males, is important to wildlife 
management objectives. Habitat improvements may increase connectivity between 
unhunted and hunted populations as well as enhance the effectiveness of protected areas, 
potentially slowing the selective effect of trophy hunting. 
Prescribed fire and thinning treatments have been shown to increase forage production, 
visibility and habitat use for bighorn (McWhirter et al., 1992; Smith et al., 1999; 
Wakelyn, 1987). When fires are suppressed, vegetation litter accumulates, limiting forage 
production and access to new forage for grazing ungulates. The lack of fire also leads to 
an infilling of young conifers (forest ingrowth), encroachment of young conifers into 
grassland plant communities and the persistence of obstructive shrub species (Agee, 
1993; Wakelyn, 1987). Many researchers have used fire (Hobbs & Spowart, 1984; Peek 
et al., 1979; Seip & Bunnell, 1985) or a combination of fire and thinning (Smith et al., 
1999) as a tool in improving wildlife habitat. Fires can improve the quality and quantity 
of forage (Arnett, 1990; McWhirter et al., 1992; Peek et al., 1979; Ruckstuhl & Fcsta-
Bianchet, 2001), decrease the extent of conifer ingrowth and encroachment and enhance 
range size and quality for bighorn sheep (Smith et al., 1999). Differences in forage 
quality from enhancements, however, are usually evident for only one to two years 
following a treatment and sometimes in only one season (Hobbs & Spowart, 1984; 
Rommc et al., 1995; Ruckstuhl et al., 2000). Therefore a spatio-temporal management 
approach should be adopted to implement habitat enhancements at the landscape scale, 
increasing connectivity between populations thereby indirectly improving phenotypic 
quality of bighorn rams through higher quality habitat. 
Forage quality and quantity were increased through prescribed fire in bighorn sheep 
winter range in semi-arid ecosystems (McWhirter et al., 1992; Peek et al., 1979). 
McWhirter et al. (1992) demonstrated an increase in visibility, bite rate, diet quality, 
foraging efficiency and forage production. In addition, Ruckstuhl et al. (2000) in their 
study of prescribed fire and bighorn sheep, found higher forage quality biomass, fecal 
crude protein and bite rates on burned plots. Similarly, Hobbs & Spowart (1984) found an 
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increase in vegetation and fecal crude protein in Mule Deer (Odocoileus hemionus) and 
bighorn sheep on burned ranges. Fire management may also affect diet quality through a 
change in diet selection in sheep, instead of an increase in forage quality (Hobbs & 
Spowart, 1984). Bighorn sheep increase their use of logged and burned areas, where 
forage availability was increased through treatments (Arnett, 1990; Smith et al., 1999). 
Overall, habitat improvements will increase resource availability, positively affecting 
horn growth in young bighorn rams (Jorgenson et al., 1998), which can increase the size 
and quality of the phenorype highly coveted by trophy hunters, provided regulations 
ensure that greater horn growth does not simply result in rams being harvested at a 
younger age.. 
In addition to wild sheep, other species may be positively affected by habitat 
improvements. Other species in the South Okanagan may be reflecting severe habitat loss 
and agricultural intensification in phenotypic traits, such as body mass or beak length, or 
perhaps in the timing or location of breeding. Bighorn are a potential focal species for 
conservation planning in grassland ecosystems, restoration of priority habitats, and 
conservation of several provincially and federally listed species. Goals that address the 
habitat and conservation of bighorn form a framework within which other species 
requirements are addressed and human land uses and activities are evaluated. Wildlife 
management needs to take into account population and community ecology, as well as 
the impacts of human actions and management regimes on a multitude of wildlife species 
in order to sustain ecosystem functioning. 
In addition to selective harvest and habitat changes, other ecological conditions such as 
the effects of climate change also need to be considered when devising management 
strategies for wildlife populations. Climate change may impact phenotypic traits directly, 
but may also interact with environmental conditions to further reduce resilience to 
stochastic events and to develop a selection gradient for phenotypic traits. 
Environmental variation affects the growth and nutrition of animals, which contributes to 
both their survival and fitness (Gaillard et al., 2000). In this study, summer temperature, 
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snow as well as the variable of time had a significant effect on the second increment of 
harvested bighorn rams in the South Okanagan. I suggest that with the warming trends 
reported for the South Okanagan, horn length and possibly body size will be further 
reduced over time. Morphological traits in other species have been found to change in 
response to climate and resources (Grant & Grant, 2002; Moller & Szep, 2005). Recently, 
Pelletier et al. (2007) investigated how variation in traits may also influence population 
growth in Soay sheep. The fitness consequences of variation in body size and hind-leg 
length and their interaction with environmental conditions may affect the strength of 
selection (Pelletier et al., 2007). This implies that in large mammal populations under 
intense ecological and hunting pressures there could be an interaction of the selective 
effects of harvest and temporal climatic trends forcing the trait in same direction. 
Specifically, in wild sheep populations the plasticity of phenotypic traits may reflect 
adaptations to ecological conditions, but may also be expressing a short-horned 
morphology due to size-selective harvest. These additive selective pressures may result in 
long-term genetic and adaptive changes, which negatively impact the persistence of 
bighorn populations in areas of severe habitat loss and intense hunting pressure. 
Increment length and time only accounted for a small proportion of the variation in 
harvest age. There was also only a weak effect of weather on horn size. Body mass data 
for harvested rams would be useful, as horn size, body mass and reproductive success are 
correlated for mature bighorn rams (Coltman et al., 2002; Geist, 1971; Hogg & Forbes, 
1997; Pelletier & Festa-Bianchet, 2006; Pelletier et al., 2006). A direct measure of 
landscape change, as well as a detailed quantitative genetic analysis would also be 
valuable in disentangling the factors contributing to horn size decline in the South 
Okanagan. Terrestrial ecosystem maps comparing early and late century habitat specific 
to bighorn sheep reveal significant changes in forest cover, shrub-steppe grassland 
ecosystem, habitat fragmentation and loss (Lea et al., 1991; Warman et al., 2004). 
Genetic and paternity information would aid in determining what proportion of the 
phenotypic decline is due to genetic change, in addition to providing insight into what 
other traits may be correlated with horn size (Coltman et al., 2005). We then might be 
able to answer the question: Is the genotype expressing a different phenotype in a new 
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environment, or is it a genetic change? In the South Okanagan, the answer might be yes 
to both questions: the smaller horned phenotype may be expressing severe habitat loss, a 
climatic warming trend, as well as artificial harvest selection. 
Area Specific Management 
Specific to the Southern Interior of British Columbia is the need to slow the deterioration 
of bighorn habitat. For example, livestock grazing could be controlled to a greater extent. 
Grazing licenses already have many restrictions, however, it is clear that forage 
productivity is low in bighorn sheep winter range (Corti, 2001). Prescribed thinning in 
parks and conservation areas may provide refuge from hunting and increase forage 
quality. Bighorn sheep may perceive high predation risk in areas with obstructive shaib 
and tree cover and limited visibility to be similar to risk in hunted areas, thereby, 
influencing habitat selection based on forage availability and proximity to escape terrain. 
With increasing summer temperatures, assessment of water sources is important for wild 
sheep, especially if habitat selection is influenced by water availability. There may be a 
trade-off between water requirements and habitat quality. Therefore, access to water 
could be a possible habitat enhancement. I would also suggest that in bighorn habitats 
with a high level of agricultural activities, landowners should avoid making a last cut on 
their crop before the end of the summer to allow for increased availability of forage and 
to compensate for a shorter growing season. 
In order to prevent temporal phenotypic decline in bighorn rams, due to ecological or 
hunting pressures, historical data should be explored and implemented in the 
management program (Lincoln, 1988). Earlier work (Harper, 1980) suggested that South 
Okanagan rams were consistently larger than Ashnola rams, but that increment length 
was weakly affected by winter temperature and snowfall and weakly associated with 
summer precipitation. Harper (1980) also found that rams harvested in lower age classes 
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(6-8 years old) had larger base circumferences compared to rams harvested at 9-10 years 
old, however sample sizes were low. 
I also compiled historical hunter harvest data from 1954-1974 for the two study areas 
from Ministry of Environment files. The hunter harvest data were recorded in a 
biologist's field journal (BC Ministry of Environment, 2003), as well as documented in 
government reports and an unpublished thesis (Blood & Demarchi, 1965; Harper, 1980; 
Spalding & Bone, 1969). The harvest totals, classification data and ram measurements 
are available in Appendix B. Given the intense harvest in earlier years, the 25-year 
hunter-killed sample of rams analyzed in this study may already be biased for small-
horned rams. However, selection in the South Okanagan may not have gained strength 
until the regulated 3A curl open season implemented from 1975-1999. 
Following the 3-ycar moratorium on hunting due to the pneumonia-related die-off in the 
South Okanagan, the season was opened under an 'Any Ram' Limited Entry hunt, with 
an 8% harvest of the ram component (Brian Harris, pcrs. comm.). There was an average 
harvest age of 6.9 (±SE = 0.81) over 3 years, with an average of 4.5 (±SE =0.5) in 2006. 
However, due to the 3-year moratorium increasing longevity in younger rams I would 
expect the average age harvested to be greater (Appendix C: Table 8). This regulation 
seemed to increase the age of harvest in the short term, but is still a concern if the mature 
ram component is low. Recent field counts (Daryl Stcpaniuk, 2007 field notes) reported 
only 41 rams in the metapopulation, with an absence of mature males. Only two rams 
classified greater than 3A curl were observed, indicating that harvest should still remain 
conservative, limiting the number of permits. 
The last point specific to the South Okanagan and Ashnola harvest regimes, is that rams 
may enter the rut earlier compared to other intensely studied populations (Pellcticr et al., 
2006; Hogg & Forbes, 1997). The lambing period for the Okanagan extends from early 
April to late July (Chapman, 1999; Plcnsky, 2002), suggesting that ewes are in estrous as 
early as September and late as December, determining the wide temporal range in birth 
date, possibly impacting lamb mass and survival the following year (Feder, 2006; Festa-
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Bianchct, 1988a). The current harvest is during late August-late September, which 
coincides with the prc-rut and rut in the southern interior of British Columbia. This may 
add another dimension to the effect of harvest on bighorn ram fitness. Hunting during the 
mating season may potentially influence male strategies, affecting effort, social rank and 
short-term reproductive success (Pelletier & Festa-Bianchet, 2006; Pelletier et al., 2006). 
The timing of harvest in semi-arid areas should be re-evaluated. However, altering the 
harvest dates requires careful consideration of hunter accessibility. First, if there arc less 
subordinate rams, due to increased search time (Pelletier et al., 2006), their movement 
patterns and locations become highly unpredictable to hunters. Second, mature rams that 
aggregate near nursery groups at lower elevations and open habitats during the ait may be 
highly vulnerable to hunters, possibly enhancing potential size and age selective effects 
of hunting. I recommend the harvest season be moved earlier in the summer in the 
Okanagan, when rams are in summer range, well before the pre-rut. I suggest that 
scenarios be run in the next two summers to test the sightability of rams, as well as group 
size compared to the established hunting season. 
Recently, 18 animals were transplanted from the hunted Ashnola population to a 
protected area in the northernmost area of the Okanagan population. Migration between 
the transplanted animals and the Okanagan population will likely occur during the rut, as 
rams arc known to travel up to 40km in one day searching for mates (Hogg & Forbes, 
1997; Pelletier et al., 2006), and the distance between the two sites is approximately 
20km. The migration of males to the Okanagan population may help enhance or maintain 
genetic variance, and will prove to be an interesting comparison using genetic 
information obtained from the transplanted animals and horn cores analyzed from the 
hunter-killed rams. Monitoring of individual rams post transplant in addition to collecting 
genetic, population and behavioural information from the adjacent Penticton Creek 
subpopulation may reveal successful paternities and contribute to our knowledge of this 
specific mating system. 
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CONCLUSION 
The primary objective of the study was to assess the quality of a bighorn sheep 
population in the South Okanagan, British Columbia. Long-term compulsory inspection 
data were analyzed to investigate the effects of a horn curl harvest regulation and 
compare horn measurements with temporal changes in habitat condition and sheep 
density. My investigation revealed a 10% decrease in horn length in harvested rams in the 
South Okanagan but not in the Ashnola Valley. Rams with faster growing horns were 
harvested at younger ages than rams with slower growing horns. 
Mortality caused by sport harvest can be very different than natural mortality, particularly 
because of the intense harvest of prime-aged individuals who usually enjoy high survival. 
The results of this study can be generalized for other species that are managed with a 
minimum size or age harvest restriction. The strength of selection may be dependent on 
the ecological conditions as well as the harvest regulation. It is important to consider the 
confounding effects of ecological conditions and climate change, which may exacerbate 
the selective effect of artificial sport harvest. 
This study shows that there was a potential selective effect of the % horn curl regulation 
in the South Okanagan, but habitat degradation and local environmental conditions could . 
not be ruled out as factors in the horn size decline over the 25-year period. This research 
is among few studies that were able to document a long-term temporal decline in a 
phenotypic trait in a large mammal population. The results found in this research may be 
generalized to other mammals, especially mountain ungulates that are subjected to an age 
and size specific mortality pattern caused by sport harvest. Management regimes that take 
into account the possible evolutionary impacts of trophy harvest are needed to develop 
sustainable wildlife populations. This information could lead to more informed harvest 
regulations for wild sheep and other mammals subsequently affecting population viability 
and persistence. 
68 
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Table 1: Descriptive statistics for harvested bighorn rams in the South Okanagan (A) and 
in the Ashnola (B) (1975-2003). Horn length statistics are grouped by harvest year. 
Harvested Mean Mean Total Second Base 
Year Shot Rams Harvest Age SE Length SE Increment SE Circumference SE 
(mm) (mm) (mm) 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
\L 
2 
5 . 
10 
9 
10 
15 
12 
14 
19 
10 
10 
13 
17 
16 
14 
9 
15 
13 
6 
8 
10 
9 
10 
4 
260 
5.0 
5.2 
5.2 
4.6 
5.5 
6.0 
5.6 
5.3 
4.7 
4.9 
5.8 
5.9 
5.7 
5.1 
5.9 
5.1 
5.3 
4.9 
6.0 
5.5 
4.8 
5.0 
5.0 
5.8 
5 
1 
0.86 
0.47 
0.69 
0.75 
0.28 
0.54 
0.24 
0.21 
0.35 
0.74 
0.36 
0.35 
0.37 
0.46 
0.7 
0.47 
0.24 
0.63 
0.42 
0.44 
0.29 
0.26 
0.48 
0 
705 
812 
811 
776 
808 
808 
779 
799 
791 
798 
817 
807 
811 
778 
794 
751 
771 
776 
770 
770 
706 
743 
733 
747 
783 
6 
28 
27 
28 
28 
11 
26 
18 
17 
22 
19 
14 
20 
16 
21 
28 
15 
18 
33 
27 
19 
12 
15 
10 
4 
236 
243 
259 
270 
242 
232 
220 
256 
245 
235 
219 
217 
226 
224 
216 
227 
226 
208 
208 
199 
197 
214 
203 
221 
227 
7 
19 
11 
19 
14 
15 
27 
9 
6 
10 
13 
14 
7 
7 
8 
14 
9 
16 
16 
14 
20 
12 
12 
17 
3 
366 
365 
363 
363 
366 
368 
367 
368 
362 
363 
364 
367 
364 
. 366 
355 
364 
357 
363 
349 
354 
360 
351 
354 
364 
363 
10 
5 
5 
7 
5 
3 
3 
4 
6 
5 
4 
4 
3 
3 
4 
6 
4 
6 
9 
3 
3 
2 
6 
1 
69 
Harvested Mean Mean Total Second Base 
Year Shot Rams Harvest Age SE Length SE Increment SE Circumference SE 
(mm) (mm) (mm) 
6.3 1.11 
5.6 0.97 
4.5 0.5 
5.1 1.32 
3.7 0.67 
8.4 1.11 
5.5 0.56 
4.8 0.95 
6.9 0.67 
6.5 0.61 
7.3 0.92 
6.9 0.55 
6.8 1.1 
5.9 0.34 
6.2 0.6 
6.2 0.74 
5.9 0.74 
5.3 0.45 
6.8 1.18 
6.0 0.37 
7.4 0.93 
4.0 1 
7.8 1.2 
6.3 0.67 
5.6 0.57 
6.2 0.37 
6.2 0.15 
219 
698 
685 
657 
708 
641 
800 
737 
676 
790 
789 
774 
813 
766 
789 
789 
763 
730 
762 
742 
722 
758 
765 
754 
111 
146 
789 
761 
217 
7 
54 
57 
42 
116 
12 
37 
63 
12 
16 
21 
16 
30 
12 
17 
22 
21 
23 
29 
22 
19 
97 
32 
18 
21 
6 
6 
168 
224 
182 
206 
228 
197 
225 
217 
237 
202 
245 
224 
262 
232 
225 
240 
223 
198 
255 
188 
218 
262 
216 
193 
201 
230, 
220 
192 
19 
24 
21 
29 
32 
19 
10 
24 
13 
20 
16 
9 
13 
9 
16 
6 
12 
16 
3 
16 
11 
9 
10 
23 
23 
5 
3 
353 
334 
337 
346 
336 
333 
359 
335 
357 
351 
362 
363 
357 
358 
358 
349 
337 
354 
352 
339 
338 
333 
325 
353 
352 
360 
351 
213 
14 
17 
18 
10 
23 
4 
6 
18 
3 
4 
8 
3 
3 
3 
4 
6 
5 
6 
7 
7 
3 
25 
17 
3 
12 
9 
2 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
1998 
1999 
2000 
2001 
\L 
4 
7 
2 
7 
3 
7 
11 
9 
12 
11 
8 
16 
8 
28 
19 
9 
7 
8 
4 
6 
5 
2 
5 
9 
7 
5 
219 
70 
Table 2: Descriptive statistics for harvested bighorn rams in the South Okanagan (A) and 
in the Ashnola (B) (1975-2003). Horn length statistics are grouped by harvest age. 
N= =281 
Number of 
Harvest Age Harvested i 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
TOTAL 
N 
Mean Total 
rams Length 
(mm) 
1 
23 
59 
80 
57 
36 
14 
6 
4 
1 
281 
( 
605 
702 
737 
781 
812 
830 
846 
850 
871 
797 
783 
281 
1 
3E 1 
1 
13 
6 
6 
8 
10 
15 
28 
35 
4 
second 
Increment SE Base Circumference SE 
mm) 
227 
241 
222 
233 
231 
222 
200 
212 
218 
168 
227 
260 
(mm) 
6 
5 
5 
7 
9 
17 
46 
30 
3 
332 
360 4 
360 2 
364 2 
366 2 
364 3 
360 2 
368 9 
356 15 
338 
363 1 
262 
B 
N=217 
Number of 
Harvest Age Harvested 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
TOTAL 
N 
Mean Total 
rams Length 
(mm) 
2 
4 
12 
34 
42 
41 
25 
16 
19 
12 
8 
1 
1 
217 
( 
353 
515 
638 
735 
767 
791 
791 
793 
794 
790 
814 
746. 
835. 
761 
Second 
3E Increment 
(mm) 
18 
25 
24 
10 
8 
7 
13 
16 
15 
22 
30 
6 
( 
215 
240 
235 
222 
228 
201 
214 
209 
214 
140 
64. 
208. 
220 
192 
I 
3E ( 
I 
32 
17 
6 
7 
6 
13 
10 
18 
15 
31 
3 
Base 
Circumference 
[mm) 
SE 
231 15 
318 16 
338 8 
354 3 
356 2 
356 4 
362 4 
347 5 
350 4 
344 3 
357 3 
315 
327 
351 2 
213 
71 
Table 3: Descriptive statistics for rams found dead in the South Okanagan (A) and in the 
Ashnola (B) (1975-2003). Horn length statistics are grouped by harvest age. 
A ^ ^ 
N= = 72 
Number of Mean Total 
Age @ Death rams 
TOTAL 
N 
B 
2 
3 
4 
5 
6 
7 
8 
9 
11 
12 
N= 
Nu 
=46 
Length 
(mm) 
6 
17 
17 
7 
9 
9 
4 
1 
1 
1 
72 
mber of Mean Total 
Age @ Death rams 
TOTAL 
N 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
14 
Length 
(mm) 
4 
7 
5 
6 
6 
4 
4 
2 
3 
3 
1 
1 
46 
I 
546 
631 
702 
703 
757 
796 
820 
869. 
895. 
838. 
704 
72 
< 
533 
629 
675 
735 
772 
797 
802 
774 
798 
839 
840 
774 
727 
46 
3E Second Increment ! 
(mm) 
10 
10 
14 
23 
23 
14 
26 
11 
235 
211 
236 
223 
231 
219 
227 
193 
176. 
223 
66 
3E Base Circumference SE 
(mm) 
15 
9 
8 
18 
14 
16 
13 
3 
5 
• • " • • " • - — 
324 7 
343 5 
347 4 
352 9 
345 5 
350 3 
349 5 
359 2 
369 
345 
346 2 
63 
3E Second Increment SE Base Circumference SE 
(mm) 
20 
29 
34 
10 
20 
20 
54 
68 
44 
17 
16 
238 
243 
208 
233 
247 
259 
142 
194 
194 
195 
130 
224 
37 
(mm) 
11 
16 
44 
8 
8 
35 
70 
56 
2 
8 
326 11 
337 7 
336 13 
359 5 
363 10 
350 8 
337 6 
321 
342 
357 8 
355 
335 
346 3 
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Harvested Mean Mean Total Second Base 
Growth Year Rams Harvest Age SE Length SE Increment SE Circumference SE 
(mm) (mm) (mm) 
1968 
1969 
1970 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1993 
1994 
1995 
1996 
1997 
2 
2 
2 
4 
5 
4 
8 
6 
12 
11 
10 
10 
16 
11 
11 
18 
11 
9 
10 
9 
11 
8 
5 
2 
4 
2 
7 
6 
3 
219 
10.5 
11.0 
7.5 
7.8 
5.2 
8.0 
8.0 
6.5 
7.3 
5.7 
6.7 
6.6 
6.2 
6.4 
5.2 
6.6 
5.8 
4.6 
4.9 
5.0 
5.9 
5.8 
6.8 
6.5 
6.5 
6.5 
5.3 
5.0 
4.3 
6.2 
219 
1.5 
2.0 
0.5 
1.3 
0.5 
1.2 
0.9 
1.2 
0.8 
1.0 
0.6 
0.8 
0.7 
0.7 
0.6 
0.3 
0.6 
0.5 
0.6 
0.7 
0.7 
0.6 
0.9 
1.5 
0.7 
0.5 
0.6 
0.4 
0.3 
0.2 
723 
774 
708 
747 
744 
787 
773 
809 
780 
696 
813 
790 
745 
759 
747 
813 
751 
758 
762 
721 
719 
749 
750 
801. 
758 
769 
754 
771 
791 
761 
217 
23 
62 
4 
32 
16 
25 
33 
22 
41 
40 
23 
27 
28 
34 
42 
15 
22 
16 
9 
14 
20 
19 
34 
46 
53 
26 
9 
2 
6 
112 
208. 
176 
149 
242 
203 
200 
211 
209 
237 
244 
219 
237 
220 
215 
230 
212 
257 
246 
248 
210 
205 
160 
182 
189 
202 
230 
226 
217 
220 
192 
48 
2 
19 
15 
21 
20 
24 
13 
19 
7 
17 
12 
13 
19 
15 
18 
8 
5 
5 
10 
18 
22 
29 
51 
73 
9 
10 
37 
3 
318 
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331 
349 
362 
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351 
355 
354 
344 
366 
356 
347 
358 
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357 
357 
356 
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346 
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345 
318 
344 
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364 
356 
351 
213 
3 
15 
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Harvested Mean 
Year Rams 
1969 
1972 
1974 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 
1985 
1986 
1987 
1988 
1989 
1990 
1991 
1992 
1994 
TOTAL 
N 
Mean Total 
Harvest Age SE Length 
1 
1 
1 
1 
2 
3 
2 
1 
2 
2 
3 
2 
2 
3 
3 
2 
7 
4 
2 
1 
1 
46 
(mm) 
14.0 
11.0 
9.0 
8.0 
9.0 2.0 
8.0 2.0 
10.0 1.0 
2.0 
5.5 0.5 
8.0 2.0 
7.0 1.5 
8.0 0.0 
7.0 0.0 
4.7 0.9 
4.7 0.3 
4.0 0.0 
2.9 0.1 
4.5 1.9 
5.5 1.5 
5.0 
8.0 
6.1 0.5 
46 
< 
774 
822 
706 
697 
792 
823 
857 
498 
727 
837 
724 
826 
822 
742 
699 
640 
606 
669 
739 
711 
858 
727 
46 
Second 
3E Increment ! 
(mm) 
32 
9 
16. 
3 
40 
12 
99 
33 
29 
38 
68 
30 
67 
45 
16 
194 
124 
199 
208 
229 
268 
236 
277 
184 
290 
265 
236 
152 
233 
246 
219 
206 
142 
224 
37 
Base 
3E Circumference SE 
(mm) 
39 
36 
0 
46 
29 
23 
70 
12 
15 
22 
8 
335 
343 
321 
340 
351 5 
375 10 
372 
342 
346 12 
351 9 
337 1 
344 1 
359 14 
364 7 
348 19 
337 24 
330 8 
351 20 
330 6 
362 
320 
346 3 
42 
76 
Table 6: Principal Component Analysis of weather variables predicted to affect 
increment growth in harvested bighorn sheep rams in the South Okanagan (1975-1999). 
The table presents the standard deviations, component importance, and loadings. 
Principal Component Analysis: 
Standard deviations: 
PCI PC2 PC3 PC4 
1.431228 1.018929 0.738633 0.606458 
Importance of components: 
PCI PC2 PC3 PC4 
Standard deviation 1.4312284 1.0189287 0.7386326 0.606458 
Proportion of Variance 0.5121037 0.2595539 0.1363945 0.09194783 
Cumulative Proportion 0.5121037 0.7716577 0.9080522 1 
Loadings: 
PCI* PC2 PC3 PC4 
Snow -0.548 -0.832 
summtemp 0.547 -0.39 -0.386 0.632 
Time 0.596 0.109 -0.396 -0.69 
sprmgppt 0.213 0.911 0.352 
*Principal Component #1 has 3 terms greater than 0.4 significantly contributing to the 
component. 
77 
APPENDIX B 
Table 7: Descriptive statistics for harvested bighorn rams in the South Okanagan and 
Ashnola 1954-1974). Harvested totals for each area (A) and horn length statistics 
grouped by harvest age (B, C). 
A 
Year Shot South Okanagan Harvested Rams Ashnola Harvested Rams 
1954 
1955 
1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
TOTAL (N) 
14 
5 
1 
8 
3 
6 
5 
15 
4 
7 
11 
12 
10 
5 
13 
7 
6 
7 
12 
151 
8 
5 
13 
14 
4 
11 
9 
15 
21 
25 
13 
8 
6 
8 
10 
7 
17 
1 
3 
10 
208 
78 
B 
N=40 
Number of 
Age @ Death rams Mean Total Length SE Base Circumference SE 
(mm) (mm) 
339 11 
357 4 
357 3 
362 3 
359 7 
359 10 
337 
375 
356 
357 2 TOTAL 
N 
3 
4 
5 
6 
7 
8 
9 
10 
11 
3 
8 
12 
6 
6 
2 
1 
1 
1 
40 
593 21 
692 18 
755 15 
781 23 
848 18 
838 102 
749 
927 
838 
758 14 
N=39 
Number of 
Age @ Death rams Mean Total Length SE Base Circumference SE 
(mm) 
4 2 606 3 356 13 
5 10 730 15 348 3 
763 
780 
797 
813 
(mm 
17 
25 
22 
6 11 350 3 
7 8 366 6 
8 7 358 6 
9 1 351 
11 1 356 
TOTAL 757 11 354 
N 39 
79 
APPENDIX C 
Table 8: Descriptive statistics for harvested bighorn rams in the South Okanagan 2004-
2006). 
N= -8 
Harvested Mean 
Year Shot Rams 
2004 
2005 
2006 
TOTAL 
3 
3 
2 
8 
Harvest Age 
7.7 
7.7 
4.5 
6.9 
SE 
1.2 
1.5 
.5 
.8 
Mean Total 
Length 
(mm) 
875 
823 
784 
840 
SE 
16 
19 
16 
Second 
Increment 
(mm) 
221 
223 
263 
232 
SE 
46 
22 
14 
21 
Base 
Circumference 
(mm) 
368 
360 
395 
372 
SE 
4 
13 
14 
7 
80 
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